University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln
Theses, Dissertations, and Student Research
from Electrical & Computer Engineering

Electrical & Computer Engineering, Department
of

7-2020

VECTOR MAGNETO-OPTICAL GENERALIZED ELLIPSOMETRY ON
MAGNETIC SLANTED COLUMNAR HETEROSTRUCTURED THIN
FILMS
Chad Briley
University of Nebraska-Lincoln, s-cbriley3@huskers.unl.edu

Follow this and additional works at: https://digitalcommons.unl.edu/elecengtheses
Part of the Computer Engineering Commons, and the Other Electrical and Computer Engineering
Commons

Briley, Chad, "VECTOR MAGNETO-OPTICAL GENERALIZED ELLIPSOMETRY ON MAGNETIC SLANTED
COLUMNAR HETEROSTRUCTURED THIN FILMS" (2020). Theses, Dissertations, and Student Research
from Electrical & Computer Engineering. 120.
https://digitalcommons.unl.edu/elecengtheses/120

This Article is brought to you for free and open access by the Electrical & Computer Engineering, Department of at
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Theses, Dissertations, and
Student Research from Electrical & Computer Engineering by an authorized administrator of
DigitalCommons@University of Nebraska - Lincoln.

VECTOR MAGNETO-OPTICAL GENERALIZED ELLIPSOMETRY ON
MAGNETIC SLANTED COLUMNAR HETEROSTRUCTURED THIN FILMS

by

Chad Briley

A DISSERTATION

Presented to the Faculty of
The Graduate College at the University of Nebraska
In Partial Fulfillment of Requirements
For the Degree of Doctor of Philosophy

Major: Electrical Engineering
Under the Supervision of Professor Mathias Schubert

Lincoln, Nebraska
July 2020

VECTOR MAGNETO-OPTICAL GENERALIZED ELLIPSOMETRY ON
MAGNETIC SLANTED COLUMNAR HETEROSTRUCTURED THIN FILMS

Chad Michael Briley, Ph.D.
University of Nebraska-Lincoln, 2020

Advisor: Mathias Schubert

Modern material growth techniques allow for nano-engineering highly complex
three dimensionally nanostructured materials. These nano-engineered materials possess highly anisotropic physical properties that are significantly different from that of
their bulk counterparts. The magnetization properties of nanoengineered materials
can be modified through a close range interaction known as magnetic exchange. These
materials are referred to as magnetic exchange-coupled materials. Exchange-coupled
magnetic materials are composite magnetic materials where the magnetization of one
material is influenced by the magnetization state of the neighboring materials.
The author describes the creation of a representative sample set of exchangecoupled nanoengineered magnetic materials. These materials are created by glancing
angle deposition (GLAD), which is a physical vapor deposition process. By means
of a self shadowing, highly ordered nanostructures are created which are columnar
in shape and form a quasi-thin film. The nanocolumnar films are heterostructured
by subsequent material depositions of cobalt and permalloy (Ni80 Fe20 ). Atomic layer
deposition (ALD) is utilized to introduce ultra thin dielectric gates between cobalt
and permalloy in order to modify the exchange-coupling. ALD is further used to
passivate the overall structures with conformal Al2 O3 coatings to prevent oxidation.

The structural properties of the nanoengineered materials are determined by scanning electron microscopy and generalized ellipsometry. The magnetic properties of the
nanoengineered materials are determined at room temperature by vibrating sample
magnetometry and by vector magneto-optical generalized ellipsometry (VMOGE).
Vector magneto-optical generalized ellipsometry is a setup that combines generalized
ellipsometry with a programmable vector magnet. The eight pole vector magnet is
capable of producing magnetizing fields of arbitrary amplitude within the given physical limits and arbitrary spatial orientation to perform hysteresis loop measurements
on quasi thin film samples. Mueller matrix generalized ellipsometry data are gathered
from the sample with and without the magnetizing field present. Through a differencing process, the magnetically induced changes to the data are isolated. The data
is analyzed with a layered optical model to determine the three dimensional magnetically induced changes to the dielectric tensor. These changes to the dielectric tensor
of the magnetized material are proportional to the magnetization of the material.
To quantify the magnetization properties of the materials the author develops
hysteresis based models. The hysteresis models are compared to the characterization
techniques that were performed on the representative sample set. The comparison of
data for the representative sample set demonstrate the tailoring of magnetic properties, in particular the energy product, based on the geometry and material selection.
The studies performed on the representative sample set by specialized means have
found that the highly anisotropic magnetic properties are able to tuned by material
selection and geometry. In particular, the use of GLAD in coordination with ALD allows for the control of the magnetic reversal by tuning the exchange-coupling between
material subsections in the representative sample set.
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1

Chapter 1
Objectives
In this dissertation, the author intends to demonstrate control of magnetic
properties in engineered nanomaterials. The magnetic properties that are being
controlled are the non-linear responses of the magnetization of the engineered
nanomaterials to an externally applied magnetizing field. To characterize the
magnetic response of the engineered nanomaterials, hysteresis curves are evaluated.
Hysteresis curves plot the magnetization of a material against the applied
magnetizing field that will drive the sample magnetization. A material that has a
parallel magnetic response to an applied field and also has a non-zero magnetization
when no external field is applied, is referred to as a ferromagnetic material.
Ferromagnetic materials which can withstand high reverse fields before
demagnetizing are said to have a large magnetic coercivity. Ferromagnetic materials
which are magnetically anisotropic, have a high remanent magnetization, and a
large magnetic coercivity are utilized to create permanent magnets. The figure of
merit for a permanent magnet material is determined from one fourth of the
rectangular area that can be inscribed into the hysteresis curve. This figure of merit
is referred to as the maximum energy product or BH product.
To control the maximum energy product of a material, engineered nanomaterials are
created as composite materials which are composed of two or more magnetic
materials that are structured and combined on the nanoscale. Materials of this
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nature are referred to as exchange-coupled materials because the constituent
magnetic materials interact through magnetic exchange-coupling.
Exchange-coupling is a magnetic process within which a magnetic state is strongly
coupled in a parallel fashion to the close proximity neighboring magnetic states.
By utilizing correct material choice, fraction, and anisotropy, the maximum energy
product of an exchange-coupled material can be optimized.
To control the magnetic properties and magnetic anisotropy of a new magnetic
material class, the author will show the growth of nanoscale exchange-coupled
magnetic materials. The materials created are quasi thin films composed of spatially
coherent nanocolumns.
The films created are not true compact thin films but instead a highly porous films
consisting of well ordered nanostructures which form a quasi thin film.
The individual nanocolumns can be axially heterostructured with magnetic and
dielectric materials. The quasi thin films were deposited by means of glancing angle
deposition (GLAD) which is a physical vapor deposition process. To axially
heterostructure the nanocolumnar film, subsequent material deposition steps were
utilized of cobalt and permalloy (Ni80 Fe20 ). To passivate the quasi thin films and to
introduce dielectric gate layers into the heterostructures, atomic layer deposition
(ALD) was utilized to deposit conformal layers of Al2 O3 . A representative set of
samples were deposited consisting of single phase nanocolumnar quasi thin films,
axially heterostructured films with direct metal-metal subcolumnar interfaces, and
axially heterostructured films with dielectric gates of a few nanometers contained at
the subcolumnar interfaces. This representative sample set was designed and
created to investigate the magnetic properties of exchange-coupled axial
heterostructures and to demonstrate control of the maximum energy product by
choice of material and geometry.
The representative set of nanostructured thin films that were created were
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structurally characterized with scanning electron microscopy and generalized
ellipsometry. To determine the magnetic properties of the nanostructured thin films,
vibrating sample magnetometry and vector magneto-optical generalized
ellipsometry were utilized. Vector magneto-optical generalized ellipsometry is a
process that has a sample contained within a programmable eight pole vector
magnet that is probed via Mueller matrix ellipsometry. The determined Mueller
matrix from a field-free measurement of the sample is modeled with a layered
anisotropic optical model. By varying parameters in a best match model process,
the model dielectric tensor function of the non-magnetized sample is determined.
Mueller matrix measurements are collected from the sample at select field points
during a magnetizing field scan. The applied magnetizing field scan is produced by
the eight pole vector magnet. Through a differencing process of the field-free
measurements, the magnetically induced changes are isolated in data. These
induced changes to the data are quantified by changes within the model dielectric
tensor of the sample. The magnetic induced changes to the dielectric tensor will
populate the off-diagonal components of the tensor in an anti-symmetric fashion of
a diagonalized system. The amplitude and sign of these changes in the dielectric
function tensor correspond to the sample magnetization and are scaled by the
magneto-optical coupling parameter (Q).
The 3D magnetic field dependent changes to the dielectric tensor reveal 3D
hysteresis curves. The magneto-optically determined hysteresis curves are evaluated
by simulation based magnetic hysteresis models. The first hysteresis model
developed by the author utilizes an anisotropic vectorized hysteresis model which
contains three independent parameterized hysteretic functions. These independent
hysteretic functions are aligned with the internal coordinate system of the samples.
The second hysteresis model developed, utilizes a coarsely discretized magnetic box
model to describe the hysteresis curve of an exchange-coupled nanocolumnar array.
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The author then compares the results from the magnetic and physical
characterization techniques with the magnetic hysteresis models developed. These
comparisons demonstrate the control of ferromagnetic properties, such as the
maximum energy product, in a set of heterostructured nano-engineered materials.
Displayed in Fig. 1.1 are the BH products determined from the representative
sample set that was investigated.

Figure 1.1: Displayed are the BH products determined from vibrating sample magnetometry measurements carried out on the representative sample set under investigation here. It can be seen here that the energy products for the sample set investigated
range from approximately 80 to 180 kGOe due entirely to nanostructuring of the sample.
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Chapter 2
Introduction
In modern society, magnetism and magnetic materials are present almost
everywhere and in many forms. This ranges from permanent magnets used in
electric motors and speakers, to magnetic memory storage systems, or biomedical
applications for example. Though magnetism and magnetic materials have long
been studied, there is still very much unknown about how magnetic properties can
be engineered using nanodimensional building blocks to take advantage of the
nanoscale magnetic interaction effects.
One particularly important avenue of research involves advancing electric based
transportation. Electric transportation has been primarily confined to directly wired
trains in areas with high population densities. More recently electric personal
vehicles have reached the market in a drive to limit carbon emissions and oil
dependance. The next phase of electric transportation would include completely
electric based aviation, autonomous shipping, and long range personal vehicles.
Electric transportation has three distinct engineering facets that need advancement
for viability. These are electric storage capacity, high power electronic control
devices, and electric motor and generator design and efficiency. [1] Electric storage
capacity has received abundant research attention with the advent of personal
electronic devices. Material innovation combined with the advent of lithium ion
based batteries has reached a point where capacities capable for facilitating electric
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transportation are viable. [2, 3, 4]
Likewise, recent breakthroughs in the growth and characterization of high band gap
semiconductor materials, [5, 6, 7, 8] allow for the creation of high power
semiconductor based control systems. High power control systems and inverters are
essential for variable-frequency drive devices. [9, 10, 11, 12, 13] Variable-frequency
drive devices are necessary for controlling the speed and torque of asynchronous
electric motors needed in these applications.
A notable component that has not encountered systematic material advancements is
the electric motor. Both design and materials utilized in electric motors are due for
major advancements to make more forms of electric transportation
viable. [1, 14, 15, 16] The magnetic properties that are of interest for permanent
magnetic materials would be the non-linear response of the magnetization to a
slowly varying external magnetizing field. The primary characterization of magnetic
materials is the hysteresis curve. Hysteresis curves show the net magnetization of a
material against an externally applied magnetizing field. A hysteresis curve of a
material that requires a large reverse magnetizing field to drive the material
magnetization to zero is referred to as a hard magnetic material. The reverse
magnetizing field required to drive the sample magnetization to zero is referred to as
the magnetic coercivity, (Hc ). The magnetization properties of hard magnetic
material will intrinsically be extremely anisotropic. A magnetic material that has a
comparably small coercivity is referred to as a soft magnetic material. Soft
magnetic materials usually have little intrinsic magnetic anisotropy but can have
very large magnetic saturation, (Ms ). Magnetic saturation is the upper limit of net
spin polarization in a magnetic material being driven by an external magnetizing
field. The magnetization present in a material when the externally applied field is
zero is referred to as the remanent magnetization, (Mr ). A good permanent magnet
material has a large remanence, is magnetically hard, and has a rectangular like
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magnetic hysteresis loop. A rectangular magnetic hysteresis loop is quantified by
the so-called ”‘squareness”’ and will correspond to a maintained magnetization
under reverse applied fields. This means that the magnetic material will retain a
high magnetization under a magnetic work load. A figure of merit for a permanent
magnet material is the BH product. The BH product is defined as one fourth of the
rectangular area that can be inscribed into a total induction field hysteresis curve.
The current commercially available leader of BH product is the Nd-Fe-B Neomax R
system. This is a rare-earth intermetallic sintered magnet system with a room
temperature BHmax ≈ 46 MGOe. [17]
Permanent magnet based electric motors are the leaders in efficiency both by power
usage and by power output versus mass. In permanent magnet based motors the
magnetization of the rotor is provided by embedded permanent magnets instead of
rotor coils or reluctance-based materials. Leading in efficiency compared to both
inductive and reluctance based electric motors, permanent magnet electric motors
are presently the ideal candidate for implementation in electric
transportation. [16, 18, 19] With recent advances in high-power semiconductor
control units and electric storage capacity, there is still the unavoidable fact that a
stronger more robust permanent magnet contained within a permanent magnet
motor would allow for a more efficient device. When better permanent magnets are
produced the devices they are contained in can be brought down in size, their
configurations can be changed to include less components, and the whole system
will increase in efficiency. [20]
New material growth techniques and improvements in existing ones have supplied
researchers the tools to have a high degree of control in nano-engineered materials.
Utilizing these growth techniques allow for the fabrication of highly complex
nanostructures. In addition to controlling the nanostructure morphology, these
techniques allow for controlling material crystallinity, orientation, and grain
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characteristics. All of these factors contribute to the overall magnetization
properties of the materials created. [21, 22, 23, 24, 25, 26, 27]
Many of the major advancements in permanent magnet materials have come as a
direct result of nanostructuring. This concept can be directly seen by the
nano/micro structure contained in the architecture of Alnico magnets. Alnico
magnets are bulk magnetic materials which consist of iron/cobalt nanowires
distributed in a predominately aluminum/nickel matrix. These materials are
created by a self organizing spinodal decomposition process. [28, 29, 30]
For the ultra high BHmax values attained in rare earth magnet systems like,
Nd-Fe-B and Sm-Co, several vast improvements were made from the bulk-like
permanent magnet properties via nano-engineering, to control the constituent
particle grain sizes, crystallographic orientations of constituent grains, and thickness
and composition of grain boundaries. These material characteristics are controlled
through specialized production means and heat treatment
processes. [31, 26, 32, 33, 34, 35]
With the access to new deposition and growth methods, in particular additive
manufacturing, there has been a renewed interest in developing exchange-coupled
nanoengineered magnetic materials. [36, 32, 37, 35]
The concept of exchange-coupled oriented magnetic materials is a process that
optimizes magnetic properties of composite magnetic materials through precise
nanostructuring on the order of the exchange length or domain wall thickness of the
composing materials, usually a few to tens of nanometers. [38, 21, 39] These
so-called hard/soft exchange-coupled nanostructured materials require precise
amounts of carefully selected constituent materials that are ideally oriented in terms
of magnetic anisotropy present in the hard phase. That is, to have the magnetic
anisotropy contributions aligned within the material to optimize the magnetization
properties.
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At the same time these materials maintain extremely high magnetic saturation and
remanence values contained in the magnetic soft phase. Since the introduction of
this concept, novel observations and advancements have been
made. [40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 32, 51, 35] Predictions based on ideal
microscale systems of two-phase (hard/soft) magnets consisting of (SmFeN/Fe) or
(SmFeN/FeCo) can yield BHmax , limits of 110 or 137 MGOe, respectively. These
systems would contain only 7% and 9% volume fractions of the rare earth
containing hard phase. [52]
If a two-phase magnetic system is realized with a nanowire array that is spatially
coherent and made fully compact, then interwire magnetostatic interaction and
domain formation result in a loss of anisotropy and thus diminished permanent
magnet properties.
Predictions made for a two-phase system with the aforementioned non-idealities find
the optimum packing density of f = 2/3 for an embedded magnetically soft
nanowire in matrix system. This would result in an upper limit to the BH product
of BHmax =

1
µ M2 .
12 0 r

When utilizing FeCo nanowires for the soft material this will

result in a maximum energy product of 49 MGOe. [25] This is a value that is
directly comparable to currently available rare earth intermetallic magnets but
would have a substantially higher available operating temperature than Nd-Fe-B
based magnets. Another prediction with compact formation non-idealities find a
BHmax limit of 84.8 MGOe for a system of FeCo nanowires contained within a hard
SmCo matrix. [53] The predictions in the present context consider nanowires
contained in a matrix, similar to an Alnico system, and do not further consider
more sophisticated nanostructuring. [54, 55, 53]
Heterostructured nanowires with hard/soft magnetic materials and subsequent
cappings and coatings of the nanowires in a material (potentially soft or
anti-ferromagnetic material) could strengthen the surface anisotropy of the
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individual nanostructures. This would also work to mitigate the interwire
interactions at higher packing ratios and thus improve the permanent magnet
properties well above the BHmax value of 49 MGOe. [56, 57, 23, 58, 59]
Glancing angle deposition (GLAD) is an example of an additive manufacturing
technique on the nanoscale. In this self shadowing process an incoming particle flux
forms highly oriented nanostucture arrays thus forming a quasi-thin film. This
technique has been demonstrated to deposit nanostructures from a variety of
materials, [60, 61, 62, 63, 64, 65, 66, 67, 68, 69] in a wide array of
geometries, [70, 71, 72] and as heterostructures. [73, 74, 75, 76, 77, 78, 79] If GLAD
is used in coordination with atomic layer deposition (ALD) even more sophisticated
heterostructure systems can be created. With these advanced growth techniques
accurate characterization of materials and the corresponding anisotropy of the
structure and magnetism is important.
To gain a better understanding of magnetically anisotropic samples, it is helpful to
utilize a measurement configuration that is capable of generating magnetizing fields
of arbitrary amplitude and orientation in 3D. It would likewise be extremely
beneficial to simultaneously monitor the resulting magnetic response of a sample to
all possible magnetic field directions in 3D. A setup that is capable of doing this is
vector magneto-optical generalized ellipsometry. This process pairs the optical
method generalized ellipsometry with a programmable eight pole vector
magnet. [80, 81, 82, 83]
Previous reports have investigated using the dielectric tensor to probe magnetic
properties and have made calculations of observable quantities. [84, 85, 86, 87, 88]
Further studies have investigated thin films for magneto-optical effects to observe
magnetic anisotropy in novel material systems. [89, 90, 91, 92, 93, 80]
Three-dimensionally structured thin films of different compositions have been
studied to determine magneto-optical properties including slanted columnar thin
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films (SCTF) films deposited by GLAD. [94, 95, 61, 96, 97, 81, 82]
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Chapter 3
Theory
3.1

Magnetism

Most are familiar with magnetic materials, from the magnets on household
refrigerators to the permanent magnets present in everyday devices like audio
speakers. The first fundamental understanding of magnets would come from
handling household permanent magnets, here any observer holding two permanent
magnets will see and feel that magnets will be attracted when the opposite poles
held together and repelled when like poles are held in close proximity. This force
that is felt demonstrates that the fields produced by magnetism are dipolar in
nature and will have a so called north and south pole which are defined as positive
and negative vectors contained within the vector field respectively. It is also known
that a permanent magnet will attach itself to a refrigerator door, regardless of what
pole is brought into close proximity to the surface. This is because the surface of
the door is made from a ”ferrous” material, generally steel. Such materials respond
to a strong magnetic field in close proximity by producing a field of their own that
is aligned with the field of the permanent magnet. By using shavings of a ferrous
material, one is able to visualize the fields produced by a permanent magnet and
gain understanding of the fundamental magnetic fields. There are three intimately
connected fundamental fields of magnetism H, M , and B, which will be referred to
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Figure 3.1: The fundamental static magnetic fields H, M , and B are schematically
displayed for a bar type permanent magnet. Notice at point P that inside of the
bar magnet the B and H are oriented in opposite directions. This is the existence
of the so-called ”demagnetization field” which gives rise to domain formation and
shape anisotropy. This figure was reprinted with the permission of Oxford University
Publishing.
here as the magnetizing field, the sample/material magnetization, and the total
magnetic field or induction field respectively. These fields can be seen schematically
in Fig. 3.1.
The relationship between these fields in a material are mathematically
demonstrated for in Eq. 3.1 where µ0 is the permeability of free space:

B = µ0 (H + M ).

(3.1)

The fields presented in Eq. 3.1 are going to be referred to extensively throughout
this manuscript. The induction field B has SI units of teslas [T], while units of the
sample magnetization M and magnetizing field H have SI units of amps per meter
[A/m], before being multiplied through by the free space permeability. To give
reference to the scaling between T and A/m, one tesla is equal to 795,775 amps per
meter in free space. Often magnetizing field amplitudes will be presented in the
form µ0 H with the units of teslas. In free space there is no net spin polarization
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present in the media so M = 0 and the relationship simplifies to B = µ0 H.
If a continuous current is driven through a coil loop and a permanent magnet is held
in close proximity a force will be subjected to the magnet. This demonstrates that a
current carrying coil will produce magnetic fields and thus connects steady state
relationships between electricity and magnetism. From these observations coupled
with observations that connect the oscillatory properties of electric (E),
displacement (D), and magnetic fields, a unifying theory of electricity, magnetism,
and coupled propagating electromagnetic waves which has the following form:

∇ · D = ρ,

(3.2)

∇ · B = 0,

(3.3)

−∂B
,
∂t
∂D
∇×H =
+ J.
∂t
∇×E =

(3.4)
(3.5)

Here is should be noted that ρ is the charge density and J is the electric current
density. In addition to the well known Maxwell’s equations, there are two material
constraint equations that connect the electric displacement field (D) to the electric
field (E), and the magnetizing field (H) to the total induction field (B) in free
space. Here the permeability of free space is denoted as (µ0 ) and the permittivity of
free space as (ε0 ) for the following equations:

D = ε0 E,

(3.6)

B = µ0 H.

(3.7)

Now that the macroscopic fields of magnetism have been discussed, a more detailed
look into materials with magnetic properties will be investigated. To understand
magnetic materials, one must look deeply into the material and explore the
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microscopic origins of magnetism within a material. From this point of view, it is
important to look at magnetism in terms of net spin polarization and how systems
work to form magnetic moments. Once an understanding to how mechanisms like
exchange-coupling, anisotropy, and domain wall formation function, then gaining
information from experimental methods from the point of view of interaction of
many spins through domain theory will allow for useful evaluation.
The real world picture of magnetic processes are driven by local thermal
fluctuations, local grain structures, and countless other non-idealities making the
modeling of magnetization an extremely difficult problem.
One assumption to counteract this would be to view the larger scale microscopic
domains that are formed from all the spins contained within a region and to then
view and model the interaction of these so-called domains. A magnetic domain is a
microscopic region where the magnetic net spin polarizations are aligned in a parallel
fashion within a material. This region has a magnetization that is uniform and
oriented locally in the same direction. If a sample of magnetic material is confined
enough within a direction to a lower limit, then the magnetic spin alignment is only
allowed in a single direction, and the material is therefore single domain. If the
sample of material is thickened past a limit, then multiple domains will form to
allow for flux closure and the magnetostatic energy of the system is lowered.
Domain formation comes as a result of minimizing the free energy contained within
a magnetostatic system. In an effort to balance the energetic states it is favorable to
form many domains when possible to facilitate flux closure as seen in Fig. 3.2-a.
The energetically favorable lower geometric limit for a material to remain in a single
domain, as schematically demonstrated in Fig. 3.2-c, is referred to as critical radius.
q
A
, where A
The domain wall thickness between two domains is defined as δw = π K
is the exchange stiffness with magnitude and units (pJ/m) and K is the magnetic
anisotropy with magnitude and units (kJ/m). Here it can be seen that in a material
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Figure 3.2: Displayed is a schematic representation of domain formation within a
sample volume with arrows inside the sample representing the magnetic orientation
and lines outside of the sample represent the external fields. If a sample is confined in
a dimension below the critical radius then it will form a single domain (a) otherwise
domains will form to enclose flux and minimize the total system energy (b,c).
with no anisotropy domain walls will be effectively infinite. The energy per unit
√
area of a domain wall is defined as γw = 4 AK. [20, 98] When a magnetic
nanoparticle is brought down to a lower limit in size, it is energetically unfavorable
to form multiple domains. This lower limit depends on the material properties of
√
the nanoparticle and is approximated by Rsd ≈ 9 AK/µ0 Ms2 . To give an example
of how these values scale, ferromagnetic materials like Fe and Co have exchange
stiffnesses (A) of 21 and 31 pJ/m, magnetic anisotropies (K) of 48 and 410 kJ/m3 ,
and magnetic saturations Ms of 1.71 and 1.44 MA/m. These characteristic bulk
material values give way to domain wall thicknesses (δw ) of 64 and 24 nm with
exchange lengths (lex ) of 2.4 and 3.4 nm respectively. [20]
Describing ferromagnetic solids by use of domain interaction is justified as long as
the domain sizes are greater than that of the domain wall widths, i.e., there are
more coherent spin polarized areas than there are disordered boundaries. In a single
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domain nanoparticle material, magnetic reversal will occur by means of coherent
rotation or curling. If the particle is non-spherical then the magnetic reversal process
will be energetically anisotropic due to the internal demagnetization field within the
nanoparticle and thus has a shape anisotropy described by Ksh = [(1 − 3N )/4]µ0 Ms ,
where N is the shape factor of an ellipsoidal representation. As the particle size is
increased many domains will form and from this point of view magnetic reversal can
be seen as the motion of domain walls under the response of an external field. When
domain walls encounter energetic barriers during reversal preventing motion, this is
referred to as pinning. Pinning centers can be generated from a variety of causes
such as grain boundaries, crystal defects, interfaces, and other non-uniformities.

3.1.1

Magnetic Hysteresis

The bulk of this work is evaluating the magnetic response of a magnetic material
(M ) in the presence of a slowly varying external magnetizing field (H). The plot of
the sample magnetization versus the magnetizing field is referred to as a magnetic
hystersis loop. Analysis of magnetic hysteresis curves allow for magnetic materials
to be classified into the different types of static magnetism including: diamagnetic,
paramagnetic, ferromagnetic, anti-ferromagnetic, ferrimagnetic, among others.
Several characteristic values of magnetic materials can be determined from the
hysteresis curve that provides insight to the domain formation and reversal within
materials. A characteristic hysteresis curve for a ferromagnetic material is displayed
in Fig.(3.3).
The magnetizing field in a directional hysteresis loop will start from zero and
increase to a maximum field amplitude in the initial magnetization step. Next, the
field is decreased from the positive maximum field amplitude to the negative
maximum field amplitude, this is referred to as the demagnetization portion of the
loop. Finally, the field is returned to the maximum field amplitude to close the
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Figure 3.3: Displayed is the hysteresis loop of a ferromagnetic material. The initial
magnetizing curve is displayed coming from zero net magnetization and reaching the
point of magnetic saturation (Ms ). Other key points are the magnetic remenance
value (Mr ), which is the magnetization with zero applied field, and the coercivity
(Hc ), which is the negative applied field needed to bring the magnetization to zero.
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hysteresis loop. When the magnetic material has all possible net spin polarization
aligned by the maximum applied magnetizing field, the material has reached a point
of magnetic saturation (Ms ). When the applied field is returned to zero, the
magnetization of the material is at the remanent state (Mr ). The coercivity field
(Hc ), is the reverse magnetizing field needed to drive the magnetization of the
material to zero.
Hard ferromagnetic materials have broad and square hysteresis loops which will be
reflected by a large coercivity Hc . Hard magnetic materials are well suited for
permanent magnets because the high coercivity allows for the materials to retain
magnetic properties long after the field is removed and have the ability to resist
large reverse fields. On the other hand soft magnetic materials have very small
coercivities Hc but can have rather high saturation values. For example FeCo, has
the highest room temperature saturation value of any stable material at µ0 Ms =
2.45 T, but has a very low coercivity in the bulk. An important figure of merit for
permanent magnetic materials is referred to as the maximum energy product or the
BHmax . This quantity is equal to the one fourth of the largest rectangle that can be
inscribed into a B vs. H hysteresis curve. A schematic representation of the
BHproduct can be seen in Fig. 3.4.

3.2

Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) determines the relative change in the state of
polarization of an electromagnetic plane wave upon interaction with a parallel planar
sample, either by reflection or transmission, with respect to the polarization state of
the incoming wave through a selected wavelength range. Traditional SE measures a
complex valued ratio (ρ) which can be expressed as two values (ψ, ∆), with ψ being
the amplitude ratio and ∆ being the phase difference of p- and s-polarized waves for
electric field vectors parallel (p) and perpendicular (s) to the plane of incidence in a
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Figure 3.4: Displayed is a B vs. H hysteresis curve (black) with the BHproduct calculated for the demagnetization portions of the curve, quadrants II and IV (red). In this
example hysteresis curve the point where the largest area rectangle can be inscribed
under the curve is demonstrated.
reflection setup. [99, 100, 101] The ellipsometric parameters have the following form:

ρ=

Epout
Esout

.

Epin
Esin



= tan (Ψ) ei∆ .

(3.8)

If a sample exhibits anisotropic optical properties resulting in p and s mode
conversion, the ellipsometric parameters must be expanded to accurately describe
the sample, by a generalized ellipsometry set of parameters.

3.2.1

Jones formalism

A complete mathematical description of completely polarized electromagnetic plane
wave upon interaction with a non-depolarizing sample is provided by the Jones
matrix. This connects an incoming Jones vector with an outward Jones vector by
four complex valued elements. The Jones vector contains two complex values
corresponding to the field amplitude and phase of two orthogonal field components
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Figure 3.5: Definition of the ellipsometry setup in a reflection configuration with the
incoming and outgoing wave vectors k and k0 , respectively, propagating at the angle
(ΦA ) with respect to the sample normal. Here the right handed Cartesian coordinate
system is defined with the coordinate x axis parallel to the sample plane and the plane
of incidence, the coordinate y axis parallel to the sample plane and perpendicular to
the plane of incidence, and the coordinate z axis is normal to the sample plane and
extends into the sample. The complex valued transverse electric fields parallel (Ep )
and perpendicular (Es ) to the plane of incidence.
transverse to the direction of propagation. Generally, these are denoted as as Ep
and Es , referring to respectively parallel and perpendicular electric fields as
before. [100, 99, 101] The Jones matrix is composed of four complex valued Fresnel
reflection coefficients and has the following form:
 

  

in
in
out
Ep  rpp rps  Ep 
Ep 
=
=
J

  
 .

in
out
Esin
Es
Es
rsp rss

(3.9)

This formalism is able to describe multiple variations in polarized light from
multiple optical elements by multiplying the individual Jones matrices together.
This formalism is widely used in the field of ellipsometry but fails to take into
account any plane waves that are not fully polarized or interaction with depolarizing
samples, to account for this a more general presentation is required.
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3.2.2

Mueller matrix formalism

The Stokes vector is composed of four real-valued components that completely
describe the state of polarization of an electromagnetic wave including the degree of
polarization. The Stokes vector is defined as follows:
  

S
I
+
I
p
s
 1 

  

S2   Ip − Is 
  

 =
,
S   I ◦ − I ◦ 
 3   +45
−45 
  

S4
IRHC − ILHC

(3.10)

where Ip , Is , I±45◦ , IRHC , and ILHC represent intensities for p, s, ±45◦ , right-hand
circular, and left-hand circular polarized light with respect to the incoming and
outgoing wave vectors. The components of the Stokes vector can be mapped with
three dimensional Cartesian coordinates onto the Poincaré sphere to provide a
visualization of the complete state and degree of polarization. In this scheme, the
sphere is defined with the polar axis as S4 with parameters S2 and S3 defining an
equatorial plane. The degree of polarization Dρ can be determined by the Stokes
vector via the following relation:
p
Dρ =

S22 + S32 + S42
.
S1

(3.11)

For a full mathematical description for electromagnetic plane waves interacting with
a sample capable of depolarization, the Mueller matrix formalism provides the
proper matrix. This 4x4 real valued matrix connects the incoming Stokes vector
with an outgoing Stokes vector:
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Figure 3.6: Poincaré sphere representation of polarization of electromagnetic waves.
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(3.12)

Just as with the Jones matrix, a system of optical elements can have their
corresponding Mueller matrix represented as the product of the individual
matrices. [102]

M=

Y

Mi .

(3.13)

i

This provides a systematic mathematical description that lends itself for designing
and building optical instrumentation. With this, individual components of an
optical system can be characterized independently and the resulting system with all
of the components put together can be determined from the aforementioned
individual characterizations. The Mueller matrix of a sample is determined from a
set of optical components, polarizers (P) and compensators (C), by direct
measurements of intensities and numerical inversion versus the orientation of the
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optical components over a wide range of combinatorial orientations. To vary the
optical components and resolve P-C space, methods of continuously rotating
constituent components at different rotation speeds are utilized and subsequent
Fourier analysis is employed to determine the Mueller matrix based on
parameterized intensity fluctuations introduced by the optical components. In the
case of a non-depolarizing sample in which there is a direct link from the Jone’s to
Mueller matrix the Mueller matrix can be written in terms of Fresnel coefficients as
follows:
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1
∗
∗
∗
∗
),
M11 = (rpp rpp
+ rss rss
+ rsp rsp
+ rps rps
2
1
∗
∗
∗
∗
),
+ rps rps
− rsp rsp
− rss rss
M12 = (rpp rpp
2

(3.15)

∗
∗
rps ),
+ rss
M13 = Re(rpp rsp

(3.16)

∗
∗
M14 = Im(rpp rsp
+ rss
rps ),

(3.17)

1
∗
∗
∗
∗
M21 = (rpp rpp
− rss rss
+ rsp rsp
− rps rps
),
2
1
∗
∗
∗
∗
+ rss rss
− rsp rsp
− rps rps
),
M22 = (rpp rpp
2

3.2.3

(3.14)

(3.18)
(3.19)

∗
∗
M23 = Re(rpp rsp
− rss
rps ),

(3.20)

∗
∗
M24 = Im(rpp rsp
− rss
rps ),

(3.21)

∗
∗
M31 = Re(rpp rps
+ rss
rsp ),

(3.22)

∗
∗
M32 = Re(rpp rps
− rss
rsp ),

(3.23)

∗
∗
M33 = Re(rpp rss
+ rps
rsp ),

(3.24)

∗
∗
M34 = Im(rpp rss
− rps
rsp ),

(3.25)

∗
∗
M41 = −Im(rpp rps
+ rss
rsp ),

(3.26)

∗
∗
M42 = −Im(rpp rps
− rss
rsp ),

(3.27)

∗
∗
M43 = −Im(rpp rss
+ rps
rsp ),

(3.28)

∗
∗
M44 = Re(rpp rss
− rps
rsp ).

(3.29)

Dielectric function tensor and anisotropy

When an electric field vector E = xEx + yEy + zEz is applied to a medium, charge
separation and disturbance results, this polarization of the material is described the
electric displacement vector D = xDx + yDy + zDz . These two quantities are
related to one another by the dielectric function ε to satisfy the equation D = εE.
More generally, to describe an anisotropic material the dielectric function tensor
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takes the form as follows:


εxx εxy εxz 



ε=
εyx εyy εyz  .


εzx εzy εzz

(3.30)

For a material with at least orthorhombic symmetry the dielectric function tensor ε
can be diagonalized through Euler rotations via a general transformation matrix A
possessing major palarizability axes a, b, c with the following form [99]:


εa 0 0 


T

ε = A(θ, φ, ψ) 
 0 εb 0  A(θ, φ, ψ) ,


0 0 εc

(3.31)





sin(θ)sin(φ) 
cos(ψ)cos(φ) − cos(θ)sin(φ)sin(ψ) cos(ψ)cos(φ) − cos(θ)sin(φ)sin(ψ)



A=
cos(ψ)sin(φ) + cos(θ)cos(φ)sin(ψ) −sin(ψ)sin(φ) + cos(θ)cos(φ)cos(ψ) −sin(θ)cos(φ) .


sin(θ)sin(ψ)
sin(θ)cos(ψ)
cos(θ)
(3.32)
With the full dielectric tensor function fully described for a optically non-active
material, it is now necessary to investigate how to determine the total response of a
system from the sum parts. In particular, to investigate the individual effects of
plane parallel layers and their corresponding reflections and refractions summed
total on the measurable quantities detected.

3.2.4

Transfer matrix

To calculate and account for light propagation within a layered anisotropic media
with either the Jones or Mueller formalism the 4 × 4 transfer matrix, or Berreman
formalism is utilized. [103, 100, 104, 105, 84] The measurable intensities and
determined electric field components contained the Stoke’s and Jone’s vector must
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be produced by a source and measured by intensity fluctuation at the detector. To
gain an understanding of the modulation of the field components resulting in the
final polarization states, the full media field transfers must be accounted for and are
described by the transfer matrix (T ).

Figure 3.7: Schematic representation of the material layer stack for the derivation of
the 4 × 4 matrix formalism for light propagation. Here, k and k0 , show the incident
and reflected wave vector propagating at the angle (ΦA ) with respect to the sample
normal. On the backside of the layer stack, kt and kb , represent the transmitted
wave vector and the backwards traveling wave vector entering from the back of the
layer stack. Complex valued transverse electric fields are depicted on all four forward
and backward traveling waves at the ambient and exit of the layer stack of n distinct
parallel layers. Coordinate system utilized is depicted at the base of the figure.
To begin the derivation, the coordinate system utilized is defined by a right-handed
Cartesian coordinate system x, y, z with the origin located at the interface of the
ambient and the first material layer where the incident and reflected beams interact
with the surface. Here, the positive z component extends into the layered sample
stack. The incoming and outgoing wave vectors k and k0 will have positive x
components as in the coordinate system laid out for ellipsometry. The tangential
field components at the initial boundary and the tangential field components at the
end of the layer stack are described by the forward an backward traveling
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monochromatic waves at each location. Let As , Ap , Bs , Bp denote the complex
field amplitudes for incident and reflected electric waves at the front boundary.
Then Cs , Cp will be the transmitted forward traveling waves at the back boundary
and fields Ds and Dp will be set to zero as the backwards traveling waves from the
back boundary in this setup. The setup for this is displayed in Fig. 3.7.
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(3.33)

Each distinct layer within the layer stack will be described by a partial transfer
matrix term, (Lp,i ). The total transfer matrix T is determined by the ordered
matrix product of the individual partial transfer matrices for the distinct layers and
is defined as follows.
"
T = L−1
a

#
" n
#
n
Y
Y
(Lp,v (dn ))−1 Lf = L−1
(Lp,v (−dn )) Lf
a
v=1

(3.34)

v=1

The terms on the in front of and following the ordered matrix product describe the
ambient material from incident side of the layer stack (La ) and the exit material at
the zn side of the layer stack (Lf ) and the corresponding tangential electric field
amplitudes thereof. They are defined as follows:


L−1
a

0


0
1

= 
2  (cosΦ )−1

a

−(cosΦa )−1

1 −(na cosΦa )

−1

1

(na cosΦa )−1

0

0

0

0



0 

0 

,
1/na 


1/na

(3.35)
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L−1
f


0
0
−(cosΦf ) −(cosΦf )





1
1
0
0


=
.
(−N cosΦ ) (−N cosΦ )

0
1/n


f
f
f
f
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0
0
Nf
Nf

(3.36)

It can be seen in the ambient and exit matrices that they contain information of the
angle of incidence (Φa ), and the refractive indices of the media at these interfaces.
The exit angle (Φf ) is determined by Snell’s law. The individual layer partial
transfer matrices are defined as:
 ω 
Lp,v (d) ≡ exp i ∆d ,
c

(3.37)

where, ω is the angular frequency of the monochromatic plane wave and c is the
speed of light. The quantity ∆ contains material information of the dielectric tensor
for the layer that it describes and is expressed by:


−kx εεzx
zz

−kx εεzy
zz



kx2
εzz 

0 1−





0
0
−1
0


∆=
.
−ε + ε εzx k 2 − ε + ε εzy 0
εyz 
kx εzz 
 yx
yy
yz εzz
yz εzz
x


εzy
εzx
εxz
εxx − εxz εzz
εxy − εxx εzz
0 −kx εzz

(3.38)

The value kx = na sinΦa is the projection of the electromagnetic wave vector on the
x coordinate axis at incidence. To evaluate the quantity in Eq. 3.37 the exponential
matrix function of Lp , must be taken into account and is shown by:
 ω 
Lp,v (d)) ≡ exp i ∆d = β0 I + β1 ∆ + β2 ∆2 + β3 ∆3 ,
c

(3.39)

to concisely calculate the matrix exponentials of ∆ requires the eigenvalues of ∆
which will be denoted as, qk . The βn quantities are complex scalar values that are
governed by the following equation:
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4

X
ω
exp(i qk d) =
βj qkj , with k = 1, 2, 3, 4.
c
j=1

(3.40)

where now the four eigenvalues of ∆ are qk . The eigenvalues qk will form two
distinct sets within the layer solved for, two will have positive real portions and
relate to forward traveling waves while the other two will have negative real parts
and correspond to backward traveling waves. Thus, the final transfer matrix for a
layered material stack can be determined through the 4 × 4 matrix formalism. The
matrix elements of the transfer matrix, T , can now be used to calculate the Fresnel
coefficients resulting from a layer stack of n distinct layers with thicknesses dn and
dielectric tensors εn with the form:

T11 T43 − T13 T41
,
T11 T33 − T13 T31
T33 T41 − T31 T43
,
rps =
T11 T33 − T13 T31
T11 T23 − T13 T21
,
rsp =
T11 T33 − T13 T31
T33 T21 − T31 T23
rss =
.
T11 T33 − T13 T31

rpp =

3.2.5

(3.41)
(3.42)
(3.43)
(3.44)

Optical modeling of ellipsometric data

To determine the dielectric function tensor ε, film thickness d, and other
characteristics of a sample from measured ellipsometric data, an optical model must
be utilized. Optical models are constructed in a flat, parallel, and layered fashion
with each layer of the model representing a layer in the thin film sample under
analysis. Each layer within the stack will have a corresponding Mueller matrix or
Jones matrix. These corresponding matrices for each layer will then follow a nested
multiplication as presented with a product notation in Eq 3.13. Fitting algorithms
are subsequently implemented in what is referred to as, best match model analysis,
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to determine appropriate values within each layer of the model to best match
experimentally acquired data. These fitting algorithms will modulate the selected
data fitting parameters and subsequently will generate resulting Mueller matrix
data. The model based generated data is compared to the experimentally
determined data, through a data test function, until a fitting threshold is attained.
Homogeneous biaxial layer approach
For anisotropic sample systems that possess birefringence a more complex approach
than a simple isotropic dielectric function must be implemented. One such
procedure that has been proven a successful in describing anisotropic thin films and
quasi thin films is what is know as the homogeneous biaxial layer approach
(HBLA). [106] In the HBLA, a generally anisotropic thin film layer that is
homogeneous in all directions that is composed of one or more materials can be
represented as a biaxial effective medium generally composed of a full anisotropic
dielectric tensor and layer thickness. If the film possesses a symmetry that is at
least orthorhombic the HBLA can be used to fit only the major polarizability axes
a, b, c of the diagonalized dielectric function tensor and corresponding rotation
angles to minimize fitting parameters. This results in an effective dielectric tensor
for a generally homogeneous biaxial thin film layer. For SCTF type samples the
major polarizability axes have been found to be aligned with the physical
geometries of the nano columns. [106, 107] This is an incredibly robust model
approach that is often utilized in a first order approach to gain an understanding of
the effective dielectric tensor function and film thickness possessed of the sample
under investigation. It can be used through a wide spectral range on absorbing and
non-absorbing materials and can be implemented without line shape constraints.
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Anisotropic Bruggeman effective medium approximation
If an anisotropic sample system is being investigated and more physical details of
the system are sought than just the dielectric tensor function and the sample
thickness, an effective medium approximation that has been successfully employed is
the anisotropic Bruggeman effective medium approximation (ABEMA). In this
anisotropic layered optical model it is assumed that spatially coherent aligned
material inclusion are contained within a host matrix material. [106, 72, 108, 109]

Figure 3.8: Schematic representation of ellipsoidal inclusions for the ABEMA. Overlaid are the intrinsic coordinates assigned to the geometry of the ABEMA and resulting polarizability.
D
D
This model utilizes so called, depolarization factors LD
a , Lb , and Lc , that are

representative of the physical geometry of the inclusion within the host media
aligning the major polarizability axes of the model along intrinsic sample coordinate
axes a, b, and c and has the following form:
m
X
n=1

fn

εef f,j

εc,n − εef f,j
= 0 with j = a, b, c.
+ LD
j (εc,n − εef f,j )

(3.45)

Here the three major effective dielectric tensor components εef f,j are determined by
the bulk like dielectric function of the ellipsoidal inclusions εc,n , the volume fractions
of constituent materials fn , and the depolarization factors LD
j . The depolarization
factors are bound between 0 and 1 and must obey the unity relationship, which
appears as follows:
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D
D
LD
a + Lb + Lc = 1.

(3.46)

This model fits for physically relevant parameters such as volume fractions of
constituent materials and the geometry of the aligned ellipsoidal inclusions
representing the film being modeled. As previously mentioned, this model approach
will result in a diagonalized major dielectric tensor function which can be
subsequently aligned with the material system investigated into the laboratory
coordinate system by ordered Euler rotations through Euler angles ϕ, θ, Ψ.

3.2.6

Ellipsometric test function

The data fitting routine will require variation of parameters to produce generated
data that as closely matches the experimental data as possible, within the confines
of the model. To accomplish this a comparable figure of merit must be established
to quantize the quality of the fit and determine the threshold required for a
satisfactory fit. One such test function utilized to merit a Mueller matrix
ellipsometric fit is the mean squared error (MSE), which is defined as follows:
a X
b X
S
X
1
2
MSE =
abS − K i=1 j=1 k=1

E
G
Mij,k
− Mij,k
E
σMij,k

!2
.

(3.47)

E
Here a, b, S, K, M E , M G , and σMij,k
are the number of experimentally measured

columns, number of experimentally measured rows, total number of Mueller matrix
data points collected, experimentally determined Mueller matrix data point, model
calculated Mueller matrix data point, and the standard deviation of the
experimentally garnered Mueller matrix data points respectively. By utilizing a fast
converging Levenberg-Marquardt data fitting routine the constituent fit parameters
are iteratively varied until a minimum threshold in the minimizing of MSE is met,
resulting in a satisfactory fit. [110, 111, 112]
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3.3

Magneto-optics

One of the most fundamental findings that spurred the unification of
electromagnetic theory were the first observations of magneto-optical phenomena.
In 1845 Michael Faraday made the first observation of the interaction of light and
magnetic materials when the polarization state of a transmitted beam underwent a
polarization that was linearly dependent on the magnetic field applied to the host
magnetic material. From these initial observations of magneto-optical phenomena,
the field has grown greatly in complexity and scope.

3.3.1

Connecting magnetism and electromagnetic waves

The premiere phenomenological description of polarization change incurred by
sample magnetization on an incident electromagnetic wave was made by James
Clerk Maxwell. This description decomposed linearly polarized light into the
superposition of circular left and right polarized waves. Through this decomposition
into an orthonormal basis it was then hypothesized that the two circularly polarized
waves would propagate through different indices of refraction within the material
during transmission. [113] As consequence, the two waves would encounter different
optical path lengths or equivalently transmit with different velocities. When the two
waves are put back together, with superposition, the path length difference will
create a polarization rotation that is based on the length of propagation through the
medium and the magnitude and orientation of the magnetic field known commonly
as the Faraday effect.
To provide a more satisfying description of magneto-optical phenomena, insight into
what causes changes in the dielectric function tensor and how these changes will
populate the tensor symmetry, a deeper view into the micro based theory is
necessary. The first quantum based description of magneto-optic effects was given
by Hulme [114] and was based on a spin dependent dielectric function being direct
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consequence of the spin-orbit interaction coupling the electron spin to the motion.
This was cast into the picture of energetic interaction of the magnetic moment of an
electron with the magnetic field ”observed” by the electron as it navigates the
electric field inside the medium,−∇V , with momentum p, with the form (∇V × p).
This approach allows for the calculation of two distinct refractive indices for left and
right circularly polarized waves. Though this approach connected the optical and
magnetic properties of a ferromagnet, satisfying the initial phenomenological
description, it had notable shortcomings. The approach presented by Hulme did not
take into account the effect of spin-orbit interaction had on changing the wave
functions. This modification of the wave functions will cause screening of the orbital
angular momentum in transition-metal ferromagnets and eliminates energy splitting
created by the shifting of the energy eigenvalues that results from spin-orbit
interaction. To correct for this Kittel demonstrated an order of magnitude based
argument for a simple atomic model. [115]. Kittel’s approach was able to show that
spin-orbit induced changes to the wave function will give rise, on the basis of the
Kramers-Heisenberg [116] dispersion, to two different complex indices of refraction
of the correct order of magnitude. The finding of Kittel is significant and different
finding than that of Hulme, who derived only real indices of refraction, thus
neglecting absorption which is critical for magneto-optical effects.
Finally, Argyres provided the full derivation of the resulting conductivity and
polarizability tensors for ferromagnetic transition metals in the visible and near IR
spectral ranges in the first order. [117] This derivation assumes that lattice
vibrations within this energy range can be neglected as well as the influence of the
external magnetizing field since it will be well below the magnitude of the Weiss
field. The Weiss field is the strong ”molecular” field that is responsible to the sample
magnetization of a ferromagnet and is driven by exchange interaction. This is based
on the assumption that the material is already at magnetic remanence with zero
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applied field, which is appropriate for a ferromagnet. To start the derivation Argyres
introduces the one-electron approximation and the accompanying one-electron
Hamiltonian with terms present for the spin-orbit interaction and the first order
term of spin polarized electron interaction with the electromagnetic field in the
material. The electron interaction term and spin-orbit interactions were treated as
the perturbations, the solution was then obtained by variation of constants.
The current density can be written out for an electron in state Ψλ,s (r, t) in the
vector potential landscape A(r, t) has the first order form as follows:

j λ,s (r, t) = ie~/2m(Ψ∗λ,s ∇Ψλ,s − Ψλ,s ∇Ψ∗λ,s ) − (e2 /mc)AΨ∗λ,s Ψλ,s ,

(3.48)

where λ denotes all quantum numbers necessary for the spatial portion of the wave
function and s = ±1 represents the spin quantum number. The current density
expression can be simplified and reformed utilizing Fock and Hartree
approximations to a form that separates the current density into two distinct terms
of j (0) and j (1) , representing the current induced by an electromagnetic wave in the
absence of any spin-orbit interaction and the current induced with only the
spin-orbit interaction present.
Next, to find the macroscopic current values an averaging of the microscopic current
densities will take place over a unit cell, thus limiting the electromagnetic frequency
range below x-ray and above the infrared. This will contribute to a conduction
current proportional to the electric field E of the incident light wave and the rest
will be left to the polarization current ∂E/∂t. If the incident wave is assumed to be
propagating along a chosen z axis and parallel to the material magnetization in a
Cartesian x, y, z coordinate system then the macroscopic current densities can be
written as:

J(0) σ (0) · E + α(0) · (∂E/∂t),

(3.49)

37
J(1) σ (1) · E + α(1) · (∂E/∂t).

(3.50)

The σ and α are the determined conductivity and polarizability tensors. These
tensors now are separated into distinct components. The first component integrates
over all occupied states, once for each spin orientation, while the second integrates
over states occupied only by magnetic electrons. For the case of ferromagnetic
transition metals with an inherent net spin polarization, i.e., sample magnetization,
the tensors will take the following form.

where

σij = σ (0) δij + σ (1) βij ,

(3.51)

αij = α(0) δij + α(1) βij ,

(3.52)
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(3.53)

The perturbed states of the spin-orbit coupling and spin polarized electrons allow
for finding the form of the microscopic current densities resulting from the incident
light. It can be seen that the off-diagonal anti-symmetric nature of the conductivity
and polarizability tensors in this derivation arise from the integrated contribution of
spin-polarized electrons correspond with a cross product similar to a Lorentz force.
From the conductivity and polarizability tensors shown here, the dielectric tensor
can easily be determined.
As we have demonstrated the form of the polarizability and conduction tensors from
the quantum based derivation, the author will now present the macroscopic
formalism of MO effects. Under the influence of an external magnetizing field H, a
magnetic sample can achieve a net spin polarization referred to as sample
magnetization M . These two fields added together are referred to as the induction
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magnetic field B as displayed in Fig. 3.1, the relation between these fields has the
form displayed in Eq. 3.7.
Upon interaction with an incident electric field vector E a magnetized sample will
exhibit anisotropic optical properties proportional to the cross product between M
and E. In Cartesian coordinates, the diagonalized dielectric tensor ε of a
magnetized material then exhibits anti-symmetric off-diagonal complex values
εij = Re {εij } + i Im {εij } (i, j = a, b, c). [85, 118, 119, 84, 92] For small H these
values are assumed here to be proportional to the sample magnetization
M = (Ma , Mb , Mc ) with a linear magneto-optical coupling parameter
Q = (Qa , Qb , Qc ) that is assumed to be isotropic such that Qa ≈ Qb ≈ Qc . [120] The
magneto-optical portion of ε can then be written as follows: [81]
 

εab −εac 
0
Qc Mc (H) −Qb Mb (H)  0


 


=
0
Qa Ma (H) 
0
εbc 
−Qc Mc (H)
 = −εab
 . (3.54)

 

Qb Mb (H) −Qa Ma (H)
0
εac −εbc
0


εMO

The diagonalized dielectric tensor ε of a magnetized sample will be extended to
include an off-diagonal anti-symmetric portion to account for magneto-optic effects.
The new dielectric tensor of a magnetized sample will then have the general form:

ε = εD + εMO


 

εab −εac 
εa 0 0   0

 

 
=
0
εbc 
 0 εb 0  + −εab
.


 
εac −εbc
0
0 0 εc

(3.55)

It can be observed that in this diagonalized presentation of the complete dielectric
tensor of a magnetized sample it is possible to separate the magneto-optical portion
from the non-magnetic portion through a differencing process.
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3.3.2

Magneto-optical generalized ellipsometry

Magneto-optical generalized ellipsometry (MOGE) is a non-destructive magnetic
characterization technique that uses the interaction of electromagnetic waves and
sample magnetization. This process is utilized to determine the changes incurred in
the dielectric tensor by the sample magnetization and thus the net spin polarization
state of the sample. [86, 87, 68, 121, 95, 122, 91, 80, 90, 123, 124, 82, 81] This
process is extremely beneficial as it can be performed on a sample of sizes
commensurate of coherent or incoherent light sources, through a large range of
temperatures, and will report values that reflect sample magnetization in 3D from a
localized volume probed. Other comparable magneto-optical procedures such as
Kerr and Faraday measurements provide only limited information such as the
polarization rotation or induced ellipticity when compared to the MOGE process
due primarily to the zero degree angle of incidence condition.
In the MOGE process, spectroscopic Mueller matrix data is first acquired from the
sample under investigation without the presence of a magnetizing field to determine
the thickness, d, and the full magnetic field-free dielectric tensor, ε, through layered
model analysis. Next, Mueller matrix data is acquired at select points during a
magnetizing scan. These two data sets have contained within them information of
the field-free dielectric tensor (εB=0 ) and the full dielectric tensor with magnetic
field present (εB6=0 ). The two data sets are then differenced to isolate
magneto-optical contributions to the measured Mueller matrix and the inherent
underlying dielectric tensor of the sample with the following form:

M M O = M B6=0 − M B=0 ,

(3.56)
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εMO = εB6=0 − εB=0



εab
 εa

=
−εab εb

εac −εbc



−εac  εa 0 0 
 



εbc 
 −  0 εb 0  .
 

εc
0 0 εc

(3.57)

Model Based
MOGE analysis

Collect M(B=0)
data
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M(B≠0) data
Difference M(B≠0)-M(B=0)
data to render M(MO)
Build HBLA optical model
εMO= εB≠0 – εB=0 with fit
parameters ε(bc), -ε(ac),
ε(ab)

Build HBLA optical model
with fit parameters ε(a), ε(b),
ε(c), d, θ, ϕ

Vary fit parameters

Compare calculated and
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data
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MO response data
εMO rendered

Figure 3.9: Flowchart depicting the general MOGE data analysis procedure and
differencing process to render a MO response from a sample.
To determine the magnetically induced changes incurred in the magneto-optical
dielectric tensor a point-by-point fit is employed. This process does not make any
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magnetic-field dependent line shape implementations in the fitting, instead performs
a best match model fit for three complex components (εab , εac , and εbc ) assuming
each to have an anti-symmetric counterpart such that εij = −εji for each data point
along the magnetizing scan. To accomplish this the MO contributions to the
dielectric tensor are varied for each parameterized Mueller matrix data point. The
new model dielectric function (MDF) tensor is implemented into the 4 × 4 transfer
matrix formalism and used to generated the corresponding Mueller matrix for such
anti-symmetric changes to the MDF tensor. The generated Mueller matrix date is
subsequently compared to the experimentally determined Mueller matrix for the
specific field point in the hysteresis scan via the ellipsometric test function. If the
varied parameters do not result in a satisfactory fit then the process is iterated until
the fit is deemed satisfactory. To visualize the MOGE data analysis procedure refer
to the flowchart in Fig. 3.9.

3.4

Modeling magnetic response

To understand the complex magnetization curves that were measured from the
highly anisotropic samples it is necessary to model the data with meaningful
parameters. To implement such a model it is first important to understand the
intrinsic anisotropy that may be present in the system and then build a model
based on this. A first order approach to such a system would be to assume
independent orthonormal magnetization properties within the nanostructure and to
model these magnetization properties independently with sigmoidal type functions,
to create a vectorized hysteresis model. In such hysteretic systems, ones that have a
memory of the previous state, it is important to implement a differential based
model that will replicate the effect of an external magnetizing field driving the
sample magnetization.
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3.4.1

Vectorized hysteresis model

To implement a vectorized hysteresis model for the magneto-optical response of an
extremely anisotropic sample it is helpful to look back and recall the equation that
connects the magnetism within a sample to the induced changes contained in the
magneto-optical portion of the dielectric tensor function.

εMO



0
Qc Mc (H) −Qb Mb (H)



.
=
−Q
M
(H)
0
Q
M
(H)
c c
a a




Qb Mb (H) −Qa Ma (H)
0

(3.58)

Previous experiments for permalloy suggested that the magneto-optical coupling
parameter is isotropic Qx ≈ Qy ≈ Qc ≈ Q. [80, 120] The key is now to find
meaningful physical functions which relate εMO with the geometrical and
magnetization properties of highly anisotropic samples. In the case of nanocolumnar
quasi thin films, a reasonable approach would be to map the anisotropic
magnetization properties into the intrinsic coordinate system based on the geometry.
To describe the intrinsic auxiliary coordinate system of a nanocolumnar sample in
reference to an experimental coordinate system, the use of ordered Euler angle
rotations has proven effective. The in-plane orientation ϕ denotes the azimuth
between the plane of incidence in a MOGE setup and the projection of the
nanocolumn axis onto the sample surface. The inclination angle θ is defined within
the nanocolumn slanting plane between the nanocolumnar long axis and the normal
of the sample surface. ϕ and θ suffice to describe the orthogonal unit vectors parallel
to the nanocolumn axis N c , parallel to the film surface N a , and perpendicular to
the nanocolumn axis N b . The auxiliary system (N a,b,c ) coincides with the major
Cartesian dielectric polarizability axes of the nanocolumns, where a potentially
existing, small monoclinic distortion is neglected here. [106] N a,b,c may be used to
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project an external magnetizing field onto the axes of the nanocolumns. [125]

H (a,b,c),int
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(3.59)

where i = “a”,“b”,“c”. Here we suggest a phenomenological approach to connect
H int with magnetizations in the auxiliary system N a,b,c : M a,b,c , where we adopted
a previously described approach capable of rendering the non-ideal hysteresis of
ferroelectric materials when the applied signal does not drive the ferroelectric
polarization into saturation.[126] Under conditions of full saturation, the
magnetization along axis i may be written as


±
Mi,sat
(αi ) = ±Mi,s tanh ±αi± ,

Hi,int ∓ Hi,c
αi,(ξ=±) =
,
2δi
−1
 
1 + Mi,r /Mi,s
,
δi = Hi,c log
1 − Mi,r /Mi,s

(3.60)



(3.61)
(3.62)

where we set ξ = +1 and ξ = −1 for increasing and decreasing fields, respectively.
The plus (minus) sign denotes the branch of an anhysteretic magnetic response after
an increasing (reducing) magnetizing field increment. Thereby, the saturation
magnetization Ms = (Ma,s , Mb,s , Mc,s ), remanent magnetization
Mr = (Ma,r , Mb,r , Mc,r ), and coercivity Hc = (Ha,c , Hb,c , Hc,c ) are assigned vector
quantities rendering independent magnetization properties along directions
(N a , N b , N c ). Minor loops in the hysteresis behaviors are accounted for by scaling
factors Γi , relating the partial derivatives of the saturated loop to the unsaturated
loop: [127]
∂Mi
∂Mi,sat
= Γi
,
∂Hi,int
∂Hi,int

(3.63)
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Mi − Mi,sat
.
= 1 − tanh
ξMi,sat − Mi


Γi,(ξ=±)

(3.64)

Thus, the author has detailed a vectorized hysteresis model to describe the 3D
magnetization properties of spatially coherent nanocolumnar quasi thin films. This
model utilizes three distinct fitting vectors that describe the resulting characteristic
magnetization properties in 3D including: Magnetic saturation, magnetic coercivity,
and the ratio of the remanence to the saturation a so-called squareness factor.

3.4.2

Box magnetization modeling approach

The vectorized hysteresis model was created to describe the magnetization
properties of a nanocolumnar quasi thin film with the nanostructures composed of a
single material. For the case of nanostructures that are composed of axial
heterostructures, a more sophisticated model is needed to account for the interplay
of exchange-coupling and magnetostatic fields present. In order to better
understand the coupling strength and properties of hard/soft magnetic nanocolumn
arrays, a computationally efficient model was implemented. This model was
adopted from Ref. [128] to simulate the magnetic properties of large arrays of
multi-segmented nanocolumns composed of magnetically hard and magnetically soft
materials with and without a dielectric material spacer at the interface. The model
assumes that the columns are single domain, prismatic in shape, and can be
coarsely divided into boxes having side length a.
Each box can possess either magnetization up or magnetization down and will
collectively interact magnetostatically with all other boxes through dipole and
exchange interactions. Each box is assumed to have magnetic dipole magnitude of
Ms,i a3 situated in the center of the box where Ms,i is the saturation magnetization
of the material. The columns in the simulation mimic heterostructures with
segments of magnetically hard and magnetically soft subsections that can have
interfacial gaps of dielectric with length, dg , arranged in one or two periods. This is
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Figure 3.10: Schematic representation of a singular nanowire for each of the samples
simulated (a-d) showing the magnetically hard (blue) and magnetically soft (yellow) material subsections with the non-magnetic material spacers (red) and spacer
thickness dg . All simulations were conducted with each column consisting of 8 magnetization boxes and arrays of 20×20 columns.

Figure 3.11: Displayed are two simulations representing a material with no intrinsic
anisotropy (red) and a material that has intrinsic magnetic anisotropy (black). The
materials were scaled to be representative for permalloy and cobalt based on the
total magnetization simulated in the arrays with switching conditions equal to 0 and
2, respectively.
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to directly reflect the representative sample set under investigation. Each column is
separated by intercolumnar lateral distance, d, within the nanocolumnar array.
Schematic representations of the nanostructure array used in simulations are
displayed in Fig. 3.10(a-d). The simulation model can thus be formulated starting
~ = ±Ms,j ẑ = M ẑ and the subsequent field that is
with box magnetization M
~ dip,ij = Hdip,ij ẑ =
produced by the j box at the i box is H

Mj a3
ẑ
2πd3ij

, where dij is the

distance between the center of boxes i and j. The field produced by exchange
interaction will have a short range but strong interaction described by


~ ex,ij = Hex,ij ẑ = A0 exp −d∗ij ẑ, where R∗ is the exchange localization length and
H
R
A0 is the exchange strength scaling coefficient. The externally applied magnetizing
~ a = Ha ẑ and consequently the total field of the i box is,
field is H
~ i =H
~a +
H

X

~ dip,ij +
H

j6=i

X

~ ex,ij =
H

j6=i

(3.65)

!
= Ha +

X
j6=i

Hdip,ij +

X

Hex,ij

ẑ = Hi ẑ.

j6=i

The switching condition of box i is defined when the field magnitude of box i is
greater than a critical field, Hcrit , then magnetization at box i will switch sign,
Mi ẑ = −Mi ẑ. This is equivalent to a single domain magnetic reversal within the
local magnetization box. The critical field value corresponds to the magnetic
coercivity of the bulk material and implicitly accounts for shape induced anisotropy.
For example, if a value of Hcrit = 0 is used as the box switching condition for the
simulated nanocolumn of an ideally soft material, a non-zero coercivity is obtained
in the calculated hysteresis curve. This corresponds to the well known and
experimentally observed shape induced anisotropy for soft magnetic materials. As
an example, shown are two simulations with the box magnetization approach in
Fig. 3.11. The black series in Fig. 3.11 is representative of a material with zero
intrinsic anisotropy, similar to permalloy, that still has a non-zero coercivity based
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on the structuring of the single domain columns contained in the nanocolumnar
array. The red series in Fig. 3.11 is representative of a cobalt nanocolumnar film,
here the critical field for the switching condition was set to two to give the
appropriate ratio of coercivities between the two constituent materials being
simulated.

48

Chapter 4
Experimental Methods
4.1

Vector magneto-optical generalized
ellipsometry

Extending MOGE measurements to highly anisotropic samples structurally,
optically, and magnetically requires specialized instrumentation which is capable of
generating magnetic field vectors with arbitrary orientation and amplitude in 3D
vector space. This is necessary to probe unique magnetic axes of the sample system
to isolate magnetic responses within the intrinsic coordinate system of the sample.

4.1.1

Physical setup

The vector magneto-optical generalized ellipsometry (VMOGE) system consist of a
custom built computer controlled eight pole vector magnet displayed in Fig. 4.1.
The vector magnet is controlled by four independent power supplies. [129, 82, 83]
Four electromagnet coils pairs are positioned along the space diagonals of a cube
and are wired in series, such that the magnetic field vectors from the pairs are
aligned and oriented in a parallel fashion. This allow for a homogeneous
magnetizing field H at the center of the vector magnet, where the sample is placed,
as well as allowing for an optical beam path through which ellipsometric
measurements can be performed. Custom machined water cooling plates are
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Figure 4.1: The vector magneto-optical system is pictured with the brass watercooling plates on the top and bottom. The source and detector with focusing probes
for the commercial ellipsometry system are seen on the sides and the control power
supplies in the background.
attached to the top and bottom of the magnet to dissipate heat from the coils and
maintain a constant sample temperature during magnetic scans. The magnet can
achieve a sustainable magnetic field up to |µ0 H| =250 mT. Samples are affixed to a
glass sample holder that can be positioned and aligned with full 3D translation and
tip-tilt with respect the VMOGE setupe. The vector magnet is mounted on the
center of a goniometer that is carefully positioned such that the center of the
magnet coordinate system is aligned with that of the ellipsometer system. On the
arms of the goniometer a commercial rotating analyzer ellipsometer is mounted
(V-VASE J.A. Woollam with Autoretarder) possessing a spectral range from
λ =300-1100 nm with the wavelengths selected by a monochromator capable of
measuring 12 of the Mueller matrix elements consisting of the upper three rows of
the Mueller matrix. The ellipsometer is equipped with focusing probes to confine
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Figure 4.2: Displayed is the defined VMOGE Cartesian coordinate system x, y, z.
The incident and reflected wave vectors are denoted k and k0 respectively. Here the
longitudinal, transverse, and polar Kerr geometries can be observed with respect to
the laboratory coordinate frame.
the beam waist to approximately 1 mm such that the sample volume probed will be
within a homogeneous magnetizing field of the vector magnet. With the addition of
the focusing probes, the probe tips will be positioned physically within the vector
magnet cage so care must be taken when changing angle of incidence (AOI) in an
automated measurement. The vertical posts on the housing of the coils can be
repositioned to provide a large range of angles of incidence that can be accessed from
ΦA = 15◦ − 70◦ , at ΦA = 70◦ the probing beam will start to have substantial spread.
The coil pairs were individually calibrated with a commercial gaussmeter
(Lakeshore 460 3-Channel Gaussmeter) that utilizes three orthogonal Hall effect
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magnetic field sensors to measure the generated magnetic field. These
measurements are utilized to empirically determine the current to magnetic field
conversion factors, α1 , α2 , α3 , α4 , which were found to be constant for all coil pairs.
To determine magnetic field spatial homogeneity of the vector magnet, the
gaussmeter was translated through the center of the magnet with a high precision
translation stage from all three coordinate axes x, y, z. The field was found to be
symmetric in amplitude in all three directions. In Fig. 4.3 the experimentally
determined spatial field homogeneity data can be observed. Notice that the field is
symmetric and is above 99% field homogeneity for the central 1 mm3 of the magnet
where the sample surface is located.

Figure 4.3: Normalized magnetic field homogeneity is plotted as a function of position
from the center of the vector magnet.

4.1.2

Magnetic loop calculation

The four power supplies that drive current through the electromagnet coils are
controlled by computer. The power supplies are interfaced with the control system
via an IEEE-488 general purpose interface bus. Commands are communicated to
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the power supplies to control a variety of parameters but most importantly current
values for each magnetic field point. To calculate the current values to be sent to
the power supplies, first the 3D vector space magnet field points must be
determined. These field points correspond to the magnetizing hysteresis loop that
will be performed. These values are stored in a 3 × n array with each column
denoting the values for each magnetic field vector contained in the hysteresis loop
and thus defining the resolution capable of the hysteresis loop. The hysteresis loop
is determined by the user by parameterizing a generally closed loop in 3D vector
space for the magnetic field. There are two main styles of magnetic hysteresis loops
that are primarily used, the directional hysteresis loop and the spatial hysteresis
loop. Directional hysteresis magnetizing loops are field dependent loops that are
fixed in a spatial direction. This is the type of magnetic hysteresis loop that is
typically used as a standard magnetic characterization tool and is used to calculate
magnetic coercivity Hc , saturation magnetization Ms , remanent magnetization Mr ,
and squareness of the demagnetization curve. In this setup the magnetic field is
driven from an initial maximum value H max and incrementally changed to the same
maximum value but in the opposite direction −H max and then back to the initial
value H max while maintaining a fixed spatial orientation. In a spatial magnetic
hysteresis loop the magnetizing field is held at a constant value while the orientation
is incrementally rotated through a complete circular loop. Three primary spatial
hysteresis loops are defined here as, LT moving along the {xy}-plane starting
oriented along the +x axis and rotating towards the +y axis. Next, the TP loop
follows the {yz}-plane starting along the +y axis and progressing to the +z axis.
Finally, the PL loop follows the {zx}-plane starting along the +z axis and
progressing towards the +x axis. The described coordinate planes and axes are
schematically depicted in Fig. 4.2 in reference to the ellipsometric coordinate
system. Both magnetic hysteresis loop styles can be arbitrarily oriented to match

53

Figure 4.4: Schematic configuration showing the VMOGE coordinate system with respect to the overdetermined coordinate system of the four magnet coil pairs, oriented
along the space diagonals of a cube, used to calculate currents I1 , I2 , I3 , I4 (dashed
lines).
any anisotropy within a sample by applying the same rotation transformations
discussed in section 3.2.3.
The calculated 3D magnetization loop is put through a coordinate transformation
to create four independent current values to be sent to the power supplies.
Transforming each magnetic field vector into the overdetermined coil current system
has an infinite amount of solutions, to overcome this a minimized norm solution is
needed. This is achieved by utilizing a Moore-Penrose inverse matrix of the unit
vectors of space diagonals of a cube [130], for the four independent coil pairs
depicted in Fig. 4.4. This is multiplied with each magnetic field vector in the array
to determine current values for each point in the loop. Having a minimized solution
ensures minimized current values for each magnetic field vector and allows for
monotonic current values throughout the loop. The determined current values are
then multiplied by a linear scaling factor α that is empirically determined. This
determined scaling factor relates the magnetic field that is measured in calibration
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to the current values passing through the coil pairs, as previously discussed. The
equations describing this coordinate transformation appear as follows:
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This process allows for an unlimited magnetization process loops to be performed.
In Fig. 4.5, a flow chart that depicts the general process of generating magnetizing
scans and garnering data with the VMOGE process is shown. To demonstrate the
capabilities of producing arbitrary magnetizing fields a 3-axis hall effect Gaussmeter
was used to verify complex magnetization loops. Two different configurations were
initially tested, a spatial hysteresis loop and a spatial loxodrome loop oriented with
the poles to be inclined 60◦ from the VMOGE coordinate system z axis.

4.2

Vibrating sample magnetometry

Vibrating sample magnetometry (VSM) is a process in which the magnetization of a
sample is determined by having the sample vibrate, or oscillate, in between the
poles of two aligned electromagnet coils. The electromagnet poles produce a
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Figure 4.5: A flow chart of the LabVIEW control program for data acquisition in the
VMOGE process.
homogeneous magnetizing field, within which a magnetic sample is placed. When
the sample oscillates inside of the magnetizing field, the induced magnetization of
the sample modulates the total induction field of the system B. Within the coil
poles are a sensitive set of pickup coils that have an induced current from the
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Figure 4.6: Displayed are two spatial hysteresis loops measured by the 3-axis Gaussmeter. On the left is a LP spatial loop while on the right is a loxodrome curve with
the poles inclined 60◦ from the VMOGE z axis.
magnetic field modulation produced by the vibrating sample as described by
Eq. 3.2. A lock in amplifier picks up the signal produced by the induced voltage
produced by the current modulation in the pickup coil. Data can be gathered from
multiple oscillations at every magnetizing field amplitude point, providing data
points to resolve hysteresis curves. If the signal measured by the VSM is scaled by a
standard sample with a known magnetic saturation, then the subsequent
measurements will render accurate magnetization data.
VSM measurements that were performed were carried out on a MicroMagTM 3900
series VSM. The instrument was calibrated with a round Ni foil standard to provide
a known baseline magnetization to scale subsequent data. To determine the
diamagnetic contribution contained within samples from the substrate, a bare Si
substrate was measured with a precisely determined volume to scale the measured
data. All VSM measurements were performed with an in-plane configuration with
the nanocolumns oriented with axes N b , N c , and sample plane contained within
the magnetizing field. This is the same configuration as the traditional Kerr
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Figure 4.7: A schematic representation of a vibrating sample magnetometer is displayed. The applied magnetizing field H is produced by the two water cooled electromagnet coils and directed through the coil poles. This produces a homogeneous
magnetizing field, shown by the arrows, that will be mildly deformed by the demagnetization of the sample. The pickup coils are shown on the face of the electromagnet
coil poles in red, these pick up signal modulations from the disturbed field as result
of the sample vibration. The sample rod is shown coming down from the VSM motor
head and holding the sample in the center of the VSM.
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Longitudinal geometry if the sample is oriented at either ϕ=0 or 180◦ . VMOGE
measurements were performed in this same setup allowing for a direct comparison of
the magnetic responses.

4.3

Growth of sculptured thin films

The sample set that has been investigated consists of ferromagnetic, transition
metal arrays of spatially coherent nanocolumns. These columnar arrays can consist
of a single magnetic material, or through subsequent material depositions, can
consist of many different materials grown to arbitrarily variable subcolumnar
lengths. This then allows a method to create heterostructured nanocolumnar quasi
thin films within which highly anisotropic physical properties can be tuned. These
physical properties are able to be tuned not only by geometric deposition
conditions, but additionally by the subcolumnar material interaction driven by
physical geometry and material selection.

4.3.1

Glancing angle deposition

The main deposition technique utilized to create the nanostructured materials
studied in this dissertation is glancing angle deposition (GLAD). GLAD is a type of
physical vapor deposition (PVD) that has been utilized to create highly anisotropic
sculptured quasi thin films in a variety of morphologies. [60, 131, 63, 61, 72] This
process is driven by the low energy contained within the incident particle flux and
the obliquely angled substrate. The oblique or glancing angle of the incident flux
results in a self-shadowing process which has a size scale that is dependent on the
energy contained within the arriving adatoms and the incident angle with respect to
the surface. The surface mobility of the adatoms must be sufficiently low, such that
the self-shadowed particles remain in the initial location where they arrived and do
not diffuse to form a continuous or branched film as demonstrated with the well
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Figure 4.8: Displayed is a not to scale schematic of the deposition portion of the
GLAD chamber (a), with the sample and sample manipulator, the target crucible
turret, the electron beam path, and the incident particle flux all depicted. A schematic
representation of the self shadowing process that facilitates slanted columnar GLAD
film growth (b).
known structure zone model. [132, 133] The incident particle flux is created via
thermal evaporation of the target materials to ensure a sufficiently low incident
particle energy flux.
The deposition system utilized consist of a main deposition ultra-high vacuum
chamber pumped down to or below 10−9 Torr by a turbo-molecular pump with a
dry scroll backing pump. A smaller sample load lock transfer chamber utilizes
another separate turbo-molecular pump and is separated from the main chamber by
a gate valve. The inside of the chamber contains the sample manipulator, the
components necessary for thermal evaporation, and the target material crucibles.
The system utilizes a multi-pocket electron beam evaporator located near the
bottom of the chamber. The electrons are generated from a tungsten filament
source via thermionic emission and accelerated by an electric field with a field
strength on the order of 10kV. The electron flux is directed around a 270◦ pathway
bend by the Lorentz force of a magnetic field produced by a permanent magnet
normal to the flux direction of the electron beam. The electron beam falls incident
onto the target material with beam sweep controls facilitated by a control module.
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The target material is located within a water cooled copper turret with four
different target material pockets. The multi-pocket material turret holds crucibles of
target materials in such a manner that subsequent material depositions can take
place without the need to break vacuum or manipulate the sample. This is
facilitated by utilizing a sample substrate shutter to block incident flux when
material deposition is unwanted. The vapor flux created via thermal evaporation
exits from the target material crucibles in plumed flux. Directly above the target
materials is where the sample manipulator is located which holds the substrates to
be deposited on located a distance of 44 cm away. As mentioned, the GLAD process
relies on extreme angles between the sample surface normal in the incident particle
flux and is extremely sensitive to this angle. To control this a sample manipulator
allows for accurate control of not only the inclination angle of the sample surface
with respect to the incoming flux but also allows for substrate azimuthal rotations.
Rotation of the substrate during deposition will result in distinct nanostructure
morphology depending on the sequence and timing of rotations versus the
deposition rate. As an example, if the sample azimuth is rotated by 180◦ and the
surface normal is adjusted the same angle in reference to the vapor flux is discrete
steps then a zig-zag style structure will be rendered.

4.3.2

Atomic layer deposition

Atomic layer deposition (ALD) is a form of chemical vapor deposition and is an
invaluable deposition tool in modern nano-fabrication. This is due to the ability to
conformally coat flat and structured thin films with extreme aspect ratios in a self
limiting and extremely precise process. The primary concept of ALD is that the
individual pre-cursor chemistry for the phase of deposition is broken on the surface
of the substrate where the incident adatoms will fill the available locations until
saturation is met. This creates a self limiting process where each cycle of pre-cursor
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is only able to attached at an open site and then the excess pre-cursor is purged
from the chamber and the next cycle of the deposition will commence. In the
present context, Al2 O3 was deposited via ALD. To achieve this deposition a two
phase ALD growth supercycle was utilized. [134, 135] In this supercycle the first
pre-cursor introduced is trimethylalumina (TMA) from which the lone aluminum
atom attaches to the deposition surface and the excess methane groups and TMA
are purged as a byproduct. The second phase of the super cycle is a nanopure H2 O
step. It is from the H2 O that the oxygen atom bonds with the surface deposited
aluminum atoms from the previous step. After all sites are filled, saturation is met
and the excess hydrogen and H2 O are purged from the chamber. This process can
be repeated over and over until the desired conformal coating thickness is achieved.
The ALD reactor utilized for film deposition in this study is a commercially
available Cambridge nanotech Fiji200 ALD reactor.

4.3.3

Set of samples prepared

To investigate the magnetic and optical properties of highly anisotropic magnetic
nanostructures created by additive manufacturing techniques an increasingly
complex representative sample set was created. First, columnar thin films of a
magnetically soft (permalloy) material was created to investigate the basic magnetic
properties contained within a system in which only shape induced magnetic
anisotropy is present. This sample was deposited at room temperature on silicon
(100) substrate with native oxide present in the ultra-high vacuum GLAD chamber
outlined in Sec. 4.3.1, the target material evaporated by the electron beam source
were Ni81 Fe19 pellets. After deposition the sample was immediately transferred to
the ALD reactor and passivated with approximately 3 nm of Al2 O3 at 70 ◦ C.
The next sample prepared was a comparatively magnetically hard material of
cobalt. Cobalt is an incredibly important magnetic material when nanoengineering
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magnetic material properties due to its special properties. The temperature at
which a ferromagnetic materials loses its magnetization is referred to as the Curie
temperature. A particularly important property of cobalt is that it is the material
with the highest Curie temperature, Tc =1379 K. This makes cobalt containing
magnetic materials better suited for higher working temperatures. In addition to
this, cobalt is also a component of the magnetic alloy (FeCo) with the highest STP
magnetic saturation of any known material, µ0 Ms =2.4 T. These two characteristics
are absolutely necessary for next generation nanoengineered magnetic materials.
This sample was deposited at room temperature onto a similar silicon (100)
substrate in the same ultra-high vacuum chamber. After deposition the sample was
cleaved in half and one of that segments was immediately transferred to the ALD
reactor and passivated with a conformal coating of Al2 O3 at 150◦ C with 55 cycles
and deposition rate of approximately 0.9 Å per cycle for a total conformal film
coating of almost 5 nm. [136] Possessing both the passivated and un-passivated
samples both segments were bisected again to create four total samples to have a
control to investigate the passivation coating and the affects of oxidation from a
heat treatment. These single material nanostructured quasi thin film samples are
used as base points for the physical properties of such materials. Next,
heterostructured nanocolumnar samples are produced using cobalt and permalloy as
the constituent magnetic materials. These quasi thin films were produced to
investigate the physical properties resulting from subcolumnar interaction based on
material choice and geometry of subcolumnar segments.
The heterostructure representative sample set consist of a cobalt-permalloy type
heterostructures. These are a (Co/Py)/Al2 O3 single period heterostructure, a
(Co/Al2 O3 /Py)/Al2 O3 single period heterostructure, a (Co/Py)2 /Al2 O3 double
period heterostructure, and a (Co/Al2 O3 /Py)2 /Al2 O3 double period
heterostructure. The sample set was grown in the same ultra-high vacuum
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deposition chamber with GLAD. For the (Co/Py)n SCHTFs samples a shutter was
placed between the source and sample while Co or Py was rotated into the electron
beam and brought to evaporation to grow the subsequent film without breaking
vacuum. The two-metal-layer film was deposited for 110 nm/per layer and the
four-metal-layer film was deposited for 55 nm/per layer [76]. After the final GLAD
deposition, the samples were immediately transferred to the ALD for passivation of
Al2 O3 . Nanopure water (18.3 MΩ) and TMA were subsequently exposed to the
(Co/Py) SCHTF at a background pressure of 2.45 × 10−2 mbar. A 20 s vacuum
purge was placed between each precursor exposure for 45 total cycles to grow a
∼3 nm conformal passivation layer. The (Co/Al2 O3 /Py)n SCHTFs Co and Py
layers were deposited with identical parameters. However, between each metal
sub-layer deposition, the sample was removed from the GLAD chamber and
immediately placed into the ALD reactor. 23 cycles of alumina were deposited after
each metal sub-layer GLAD deposition for a ∼1.5 nm dielectric gate. Similarly,
after each ALD process, the sample was reinserted into the GLAD chamber and
aligned for the subsequent metal sub-layer deposition. Schematic depictions of the
entire STF sample set investigated are displayed in Fig. 4.9.
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Figure 4.9: Displayed is the schematic representation of the sample set investigated
in this work. The color associated with each material is labeled the first time that it
appears and corresponds to such afterwords. The single material nanocolumnar samples are displayed in the top row (a,d), while the single period SCHTF are displayed
in the second row without a dielectric gate (b) and with a dielectric gate (e), and
finally the double period SCHTFs are displayed in the third row without and with
the dielectric gate material (c,f)
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Chapter 5
Results
Magnetic properties on the nanoscale differ greatly from that of the bulk. This is
due to the fact that the characteristic length scale for magnetic phenomena, like
domain wall formation and exchange interaction, are on the nanoscale. Utilizing
techniques that are sensitive to structural geometry and anisotropy at the nanoscale
is essential for understanding the physical interactions. Presented here are the
results from the physical investigations into the nanoengineered set of samples.

5.1

Structural properties

To initially characterize the sample set under investigation, the samples were
subjected to standard techniques of structural characterization including scanning
electron microscopy and generalized ellipsometry.

5.1.1

SEM

Scanning electron microscopy (SEM) is a process in which a high energy electron
beam with limited bandwidth is directed onto a surface in a scanning pattern.
When this beam interacts with the sample in a very localized area the interaction
will result in elastic and inelastic scattering processes that will radiate X-rays,
backscattered electrons, secondary electrons, Auger electrons among other radiated
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processes. [137] Depending on the configuration of the instrument, these resulting
radiated processes can be detected and analyzed to garner a great degree of
information about the sample. The configuration utilized in these studies is one
that detects emitted secondary electrons. The secondary electrons are detected from
each point from the raster scan over the topographical area of interest with the
quantity and energy of the secondary electrons detected. Probability of the
secondary electrons produced by the sample depends on the atomic number, Z, of
the material allowing for material contrast in the micrograph produced if there is
sufficient difference. The samples created were all studied via SEM to determine the
structure of the deposited samples as well as to determine the uniformity of the
columnar structures in both the variance of the individual columns and the spatial
distribution.

Figure 5.1: High resolution micrographs for the permalloy (a) and cobalt (b)
nanocolumnar samples. It can be seen that the two materials grow high quality
columnar films with minimized structure fanning and generally monotonic growth.
Located beneath the micrographs are schematic representations of the films (b) and
(d).
Displayed in Fig. 5.1 is the side view SEM of the permalloy and cobalt samples (left
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and right). The inset scale bar is representative of 200 nm. Here is should be noted
that the material growths for both cobalt and permalloy quasi thin films result in
high quality nanostructures with nearly identical nanocolumn diameters of
approximately 25 nm.

Figure 5.2: High resolution micrographs for the heterostructured set of representative
samples studied. It can be seen that the two materials grow high quality columnar
films with minimized structure fanning and generally monotonic growth. Scale references inset as white bars each representing 100 nm. A schematic representation of
the multi-layer film (c), (f), (i), (l) with the material layers labeled the first time they
appear and with material colors corresponding to the same materials in subsequent
panels.
Displayed in Fig. 5.2 are the top and side view SEM micrographs for the
nanoengineered heterostructured sample set investigated (a,b,d,e,g,h,j,k). The
bottom row has schematic representations of the heterostructured samples with the
corresponding SEM micrographs located above. It can be observed here that the
heterostructured samples remained columnar in geometry with minimal fanning,
lumping, or branching. Additionally, the columnar films exhibit generally
monotonic growth with the subcolumnar differing material sections being nearly
indistinguishable. This shows great potential for future projects where
heterostructure period could be much greater than the single and double period
structures displayed. It should also be noted here that the structures are
remarkably similar across the heterostructured sample set, with the column lengths
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and diameters all nearly indistinguishable.

5.2

VMOGE

In Sec. 4.1 the VMOGE instrumentation and process was described in great detail.
This process is unique in possessing the ability to look at complex 3D magnetization
processes in nanostructured materials in a non-destructive manner. Utilizing the
ability of the vector magnet to create magnetizing fields of arbitrary orientation this
technique is ideal for investigating the complex magnetic anisotropy by isolating
magnetic responses from high symmetry orientations of the structures in reference
to the magnetizing fields. The initial VMOGE investigations require baseline
generalized ellipsometry measurements and data analyses to garner a full
description of the field free dielectric tensor. For such highly anisotropic samples
measurements must consist of several angles of incidence, (Φa ), though several
in-plane orientations, (ϕ), over a multitude of wavelengths within the spectrum of
interest, (λ).

5.2.1

Py nanocolumnar sample

For the permalloy nanocolumnar sample, magnetization scans in the spatial and
directional modes of operations were performed. Directional magnetization scans
were performed in the Longitudinal, Transverse, and Polar traditional Kerr
configurations with the sample azimuthal orientations of ϕ ≈ 142◦ , 180◦ , and 219◦ .
The magnetizing field maximum field amplitudes for these measurements were
250 mT. These data can be observed in Fig. 5.4. The spatial hysteresis scans were
performed the sample was oriented at in-plane orientations of ϕ ≈ 180◦ , with a
constant field amplitude of 170 mT while the orientation of the magnetizing field
was driven in LT, PL, and TP spatial hysteresis loops. These data can be observed
in Fig. 5.5
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Figure 5.3: Displayed are the optical constants (n and k) of the Py nanocolumnar
sample within the intrinsic coordinate frame. Data were determined by a best match
model regression analysis of a ABEMA layered model fit to Mueller matrix generalized
ellipsometry data from multiple AOI through a full azimuthal rotation.

5.2.2

Co nanocolumnar sample

The cobalt nanocolumnar samples provided a view of the magnetic properties of one
of the fundamentally most important magnetic materials in a nanostructure form.
The results from VMOGE measurements with the sample oriented with ϕ ≈ 180◦
under the influence of Longitudinal and Polar directional magnetizing scan
configurations are displayed in Fig. 5.8. Here it can be seen from the Longitudinal
configuration that the Co nanocolumnar sample has a coercivity much greater than
that of the permalloy sample which is to be expected based on the intrinsic
magneto-crystalline anisotropy. It should also be noted here that there is a
non-trivial response in the intrinsic coordinate system aligned with the sample N b
axis. This is likely due to either a nanocrystalline net alignment of the HCP (001)
phase with the intrinsic axis, or potential cross-linking within the columnar film
from fanning. [138]
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Co nanocolumnar heat study
After initial characterization of the Co based nanocolumnar sample, a heating study
was undertaken to investigate the corrosion resistance of the samples with and
without a passivation coating. This study had a passivated and non-passivated Co
nanocolumnar samples heated under high vacuum from room temperature to 475 ◦ C
by increments of 25 ◦ C every 30 minutes and then held at 475 ◦ C for two hours.
The samples were then suddenly exposed to atmosphere and allowed to cool to
room temperature. [139, 136] The passivated and non-passivated samples that were
subjected to the heat treatment were compared with their non heat treated
counterparts. VMOGE measurements were performed with the sample oriented at
ϕ ≈ 180◦ with Longitudinal and Polar traditional Kerr magnetizing scan
geometries. The VMOGE data for the sample set can be observed in Fig. 5.8. This
study found that without the passivation coating the heat treated samples
significantly oxidized and causing ferromagnetic properties to be completely lost.

5.2.3

Heterostructured samples

Starting from the baselines of the two single material nanocolumnar samples, the
first magnetic heterostructure materials made by heterostructuring permalloy and
cobalt via GLAD processing is presented. Additionally, the author presents the first
magneto-optical studies of such a material system.
In Fig. 5.11 the determined MO changes to the diagonalized dielectric tensor are
plotted for the Co/Py axially heterostructured nanocolumnar sample set against the
magnitude of the applied magnetizing field in from a traditional Kerr Longitudinal
magnetizing VMOGE configuration with a sample in-plane orientation of ϕ ≈ 0◦ ,
i.e., the slanting plane is parallel to the plane of incidence. Schematic inserts depict
the vector component direction of the MO response in Fig. 5.11 with respect to the
SCHTF nanocolumn geometry. It should be observed here that the MO response is
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strongest along the long axis of the columnar structures (third row, blue triangles)
which is to be expected from shape induced anisotropy in this sample
system [140, 81]. In addition, it should be noted that there is no significant MO
response detected parallel to the sample plane and orthogonal to the long axis
Fig. 5.11 (first row, black squares). In the longitudinal VMOGE configuration
shown in Fig. 5.11 the component of the applied magnetizing field perpendicular to
the nanocolumnar axis causes no magnetization, because the intrinsic magnetization
axis of the sample set is parallel to the long axis of the nanocolumns.

5.3

VSM

Vibrating sample magnetometry was utilized to determine the static field magnetic
response of the sample set investigated in equivalent directional hysteresis
measurements. Using the instrumentation outlined earlier in Sec. 4.2 the VSM was
configured to make measurements in in-plane configurations within which the
sample plane and the structure inclination plane are all parallel to the magnetizing
field and the pick-up coils. The samples were mounted in a back to back fashion to
double the detected signal in the pickup coils. This will give a direct comparison to
a VMOGE measurement in a Longitudinal Kerr geometry with the in-plane
orientation at ϕ = 0◦ and 180◦ . In addition to confirming the VMOGE process as
being a meaningful magnetometer this will allow orthogonal magnetization
measurements to quantify the magneto-optical coupling parameter, (Q), within the
sample set. VSM data for the sample set investigated is displayed in Fig. 5.13 in
direct comparison to the magneto-optical response from VMOGE with the vector
projections of the N b and N c axes onto the laboratory coordinate axis. From this
measurement Q was determined to be Q ≈ 6E−6 (emu/cm3 )−1 for the wavelength of
investigation, λ = 500 nm.
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5.4

Magnetic modeling

The samples set studied has complex 3D magnetization properties and viewing
these responses from an external coordinate window makes it extremely difficult to
interpret the results. Through the optics of the magnetic modeling though, the
results become much more straightforward and can be quantized to allow for
forward simulation and potential optimization of the nanofabricated structures.

5.4.1

Vectorized hysteresis model

Fig. 5.15 displays results from PbP and MDF approaches as field-parameterized
plots of εMO in L, T, and P configuration determined at three different sample
orientations, together with schematics of the nanocolumnar angles θ and ϕ, and
axes x, y, z, i.e., the VMOGE coordinate system. All data are normalized by the
maximum value of the total response at given H and ϕ:
q
Re {εxy }2 + Re {εyz }2 + Re {εzx }2 , found from within all data sets. The Cartesian
plane projections are displayed on the box-walls of the plots. Both in-plane
orientation of the sample as well as the scan configuration have large effects on the
observed εMO .
Fig. 5.16 displays field-dependent data from Fig. 5.15 at ϕ = 142◦ . Each tensor
element reveals hysteretic behavior, and shapes strongly depend on the field scan
direction. Some shapes appear as usual Kerr hysteresis responses while others have
double peak structures, or appear inverted. It is clear from Fig. 5.16 that an
immediate identification and assignment of magnetic properties of the
nanocolumnar sample is difficult without implementation of a consistently matching
physical model approach.
Fig. 5.17 depicts selected data transformed into the nanocolumnar system (N a,b,c )
versus H. The inset scales denote the magnetizing field strengths along the SCTF
axes. The first column depicts the response in L configuration with the sample
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azimuth at ϕ = 142◦ . The response along axis a (Fig. 5.17 (a)) reveals a small
coercive field, but saturation behavior. Along axis b (Fig. 5.17 (d)), the response is
negative because of its orientation and remains unsaturated. Along axis c (Fig. 5.17
(g)), response is strongest, reaching full saturation, with nearly square shape. The
second column shows that zero magnetization is produced along axis a (panel (b))
with zero magnetic field, while reasonable saturation is observed along b (panel (e)),
and saturation behavior is detected again along c (panel (h)), consistent with values
at fields reached in panel (g). The third column (T; ϕ = 178◦ ) depicts data when H
is projected mostly along axis a, where no magnetization is observed along axes b
and c accordingly.
The vectorial magneto-optical hysteresis model suggested in this work renders an
excellent match to the measured response of the sample. As a result, the magnetic
response along the slanted nanocolumnar axis is much stronger than along the two
orthogonal directions Na and Nb , where the magnetic response is much softer. The
large parameters for coercivity and remanence to saturation ratio measured along
axis c indicates strong ferromagnetic coupling parallel to the nanocolumn directions,
while substantially weaker perpendicular to the nanocolumns. The coercivity
parameter obtained from our VMOGE investigations, Hc,c = (50 ± 10) mT, is larger
than that of bulk permalloy by more than an order of magnitude, consistent with
confinement effects of shape induced anisotropy [141, 142, 143]. The c-axis may
hence be seen as the hard magnetization axis of permalloy nanocolumnar sample.
Parameter
Mi,s (a.u.)
Mi,r /Mi,s
Hi,c (mT)

i = “a”
i = “b”
i = “c”
0.356(5) 0.351(10)
1
0.45(5)
0.20(5) 0.9999(4)
15(5)
10(5)
50(10)

Table 5.1: Best-match MDF parameters of the permalloy nanocolumnar sample investigated here. Error bars in parenthesis correspond to 90% confidence interval. Mc,s
is set to unity.
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5.4.2

Box magnetization model

To attempt to model the complex exchange driven interaction contained within the
axially heterostructured samples the box magnetization model was utilized to
simulate the data. This model, as outlined in Sec. 3.4.2, approximates an array of
magnetic nanowires by coarsely discritizing the array into prismatic structures with
each material voxel containing a single spin moment. Each spin moment interacts
with every other spin voxel in the array through magnetostatic dipolar interaction, a
short ranged yet strong exchange interaction, and driven by the Zeeman interaction
from the externally applied magnetizing field. To account for the extended
intercolumnar interaction a relatively large array was simulated consisting of 25×25
nanocolumns in each simulation with each nanocolumn consisting of 8 unit voxels
each having a sidewall length a = 25 nm were separated laterally from one another
by a distance of dx=dy=35 nm. For the critical field values of the indivual voxels to
flip orientation, 0 and 2 were selected for the soft and hard materials respectively.
The saturation values selected for the constituent materials were 0.8 and 1.4 for the
hard and soft materials respectively, this does not follow the physica saturation
values for permalloy and cobalt but were needed in the simulation environment to
effectively couple the hard phase to the soft. The exchange localization was found to
be comparable with the exchange length found in liturature for permalloy and
cobalt of 3.4 nm [20] with the exchange scaling coefficient set at, A0 =0.4. The
dielectric gap lengths simulated were all selected to be 3 nm when present. The
simulation used values that reflect the geometry of the samples investigated while
the individual columns were roughly 20% longer than the actual samples while the
columns were separated by a larger value than in the samples as well. Displayed in
Fig. 5.18 are the simulation results for the heterostructured sample set that was
investigated. Displayed in Fig. 5.19 are the simulations directly compared with the
VSM measurements of the samples simulated. It can be seen that the simulations
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follow the general trends but do not have the gradual slopes observed in the
experiment. When observing the physical samples in Fig. 5.2 it can be seen that the
individual nanocolumns are spatially coherent and well ordered but they have mild
variations in individual diameters and lengths which contribute to a less square
magnetic reversal and less well defined reversal features. The simulation
environment is ideal in the consideration of every column being uniform and
identical to one another, and thus has more sharply defined reversal features.

76

Figure 5.4: Displayed is the MO response within the extrinsic laboratory coordinate
frame of the Py nanocolumnar sample under the influence of directional hysteresis
magnetization scans in the traditional Kerr Longitudinal (a,e,i), Transverse (b,f,j),
and Polar (c,g,k) configurations. The azimuthal orientation of the nanocolumns are
varied from 142◦ (a,b,c) in the first column to 180◦ (e,f,g) in the second column to
219◦ (i,j,k). The schematics displayed on the bottom row (d,h,l) show the azimuthal
orientations of the sample structures for the respective columns. Contained within
the sample schematics are the magnetization scan orientations with respect to the
sample anisotropy.
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Figure 5.5: Displayed is the MO response within the extrinsic laboratory coordinate frame of the Py nanocolumnar sample under the influence of spatial hysteresis
magnetization scans in the LT, PL, and TP configurations.
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Figure 5.6: Displayed are the optical constants (n and k) of the Co nanocolumnar
sample within the intrinsic coordinate frame. The data were determined by a best
match model regression of a ABEMA layered model fit to Mueller matrix generalized
ellipsometry data from multiple AOI through a full azimuthal rotation.

Figure 5.7: Displayed is the magneto-optical response of the cobalt nanocolumnar
sample with an azimuthal orientation of ϕ ≈ 180◦ versus external field is depicted
viewing from the external experimental coordinate frame x, y, z. The magnetizing
field configurations depicted are traditional Kerr Longitudinal (a), Transverse (b),
and Polar (c). The inset schematics display the magnetizing field (red arrows) with
respect to the sample structures.
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Figure 5.8: Vertical columns depict the magneto-optical response of the four films
under investigation with a fixed sample orientation of ϕ ≈ 180◦ under the influence
of longitudinal and polar magnetizing scans (left and right panels). As deposited Co
nanocolumnar sample with no ALD coating and no heat treatment (first columns
of both panels), as deposited Co nanocolumnar sample subjected to heat treatment
ramp up to 475 C◦ and subsequently atmosphere (second columns of both panels),
Co nanocolumnar sample with ALD alumina coating as deposited (third columns
of both panels), Co nanocolumnar sample with ALD alumina coating subjected to
heat treatment (fourth column of both panels). MO responses along the intrinsic
nanocolumnar coordinate axes N a , N b , and N c are displayed in the first row plots
(a-d,m-p), second row plots (e-h,q-t), and third row plots (i-l,u-x) respectively with
inset scales depicting H a , H b , and H c in mT. Inset schematic in panels (b,n), (f,r),
and (j,v) depicts intrinsic coordinate axes orientation of the rows (first), (second),
and (third) respectively with reference to the slanted columns.
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Figure 5.9: Displayed are the optical constants (n and k) of the cobalt subcolumnar portion of the SCHTF samples within the intrinsic coordinate frame. The data
were determined by a best match model regression of a ABEMA layered model fit
to Mueller matrix generalized ellipsometry data from multiple AOI through a full
azimuthal rotation.

Figure 5.10: Displayed are the constants (n and k) of the permalloy subcolumnar
portion of the SCHTF samples within the intrinsic coordinate frame. The data were
determined by a best match model regression of a ABEMA layered model fit to
Mueller matrix generalized ellipsometry data from multiple AOI through a full azimuthal rotation.
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Figure 5.11: Displayed is the MO response at a wavelength of 500 nm from the
SCHTF sample set within the intrinsic coordinate frame of the sample under the
influence of a longitudinal hysteresis magnetizing scan. Symbols indicate the MO
tensor components of εH representing the MO response along axes N a (Re[εbc ]), N b
(Re[εac ]), and N c (Re[εab ]). Inset schematics represent the corresponding axes, where
the red arrow indicates the orientation of the applied magnetic field.
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Figure 5.12: Displayed are the VSM responses from the entire STF sample set investigated. The fully saturated VSM loops had an external magnetizing field with a
maximum field amplitude of 1.4 T parallel with the sample surface and slanting plane
of the nanostructures.
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Figure 5.13: Displayed is the magnetic response from the SCHTF sample set (a-d)
under the influence of a Longitudinal hysteresis magnetizing scan with a maximum
magnetizing field amplitude of 250 mT. The magneto-optical data collected at a
wavelength of 500 nm has been normalized to the determined sample magnetization
per volume by VSM. The dark yellow diamonds show the magneto-optical response
along the sample slanting plane from the vector projection of the N b and N c axes.
The black line shows the VSM data collected with the magnetization scaled by the
sample volume.
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Figure 5.14: Displayed are the BH products determined from the VSM measurements
carried out on the SCHTF sample set under investigation here. It can be seen here
that the energy products for the sample set investigated range from approximately
80 to 180 kGOe due entirely to nanostructuring of the sample.
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Figure 5.15: Field-parameterized three-dimensional plots of “point-by-point” (symbols) and model dielectric function (solid lines) best-match model calculated εH . All
data are normalized to the maximum field-induced response across all data sets. Horizontal panels belong to L, T, and P measurements, vertical panels belong to the
sample orientations as indicated in the schematic insets. The double arrows in the
left column indicate the field directions.
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Figure 5.16: The same data as Fig. 5.15 at ϕ = 142◦ versus external field is depicted viewing from the external experimental coordinate frame x, y, z. Panels (a,d,g),
(b,e,h), and (c,f,i) result from L (Hx ), T (Hy ), and P (Hz ) VMOGE configurations,
respectively. Arrows indicate scan directions.
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Figure 5.17: Data from Fig. 5.15 transformed onto nanocolumnar intrinsic axes N a ,
N b , N c . Panels (a,b,c), (d,e,f), (g,h,i) depict εbc (Ha ), εac (Hb ), εab (Hc ), respectively. Insets scale Ha , Hb , Hc in mT. Scales on panel abscissae denote the external
field projected into the intrinsic axis. Panels (a,d,g), (b,e,h), and (c,f,i) correspond
to data obtained in configuration L (Hx ) at ϕ = 142◦ , P (Hz ) at ϕ = 142◦ , and T
(Hy ) at ϕ = 178◦ , respectively.

88

Figure 5.18: Displayed is the results of the box model simulation for the heterostructured nanocolumnar arrays under investigation.

Figure 5.19: Displayed is the results of the box model simulation for the heterostructured nanocolumnar arrays under investigation in direct comparison with the VSM
results for the samples that are being simulation.
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Chapter 6
Discussion
By utilizing new techniques for controlling the growth of nanostructures with high
spatial precision nanoengineered materials were deposited and physical properties
are engineered different than available in the bulk. These advances allow for a new
push to research exchange-coupled magnetic materials. The growth technique
demonstrated here allows for a high degree of control over the nanoscale
constituents of low dimensional sculptured thin films. The SEM results in displayed
in Sec. 5.1.1 show that the samples deposited were remarkably similar in geometry
with the column diameters and thicknesses. Additionally, the SCHTF samples
maintain excellent structural regularity with the subsequent deposition steps. This
is an excellent outcome as it allows for future investigations into physical property
engineering in heterostructured nanowire systems. There have been relatively few
studies investigating heterostructured GLAD systems for tuning physical
properties [79, 74, 73, 76, 144] while even fewer studies have investigated the ability
to tune magnetic properties in by heterostructuring in these systems on the
nanoscale. [145, 146, 147, 78]
These novel structures are highly anisotropic and thus require characterization
methods that are highly sensitive to anisotropy on the nanoscale. For this, the
VMOGE procedure was able to probe the magnetization and give insight to the 3D
magnetic reversal that was corroborated with VSM, this can be seen directly in
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Fig. 5.13. The ability to utilize 3D vector magnetometry to monitor complex
nanostructure magnetic reversal simultaneously is of extreme importance to
understand the magnetization reversal mechanism in nanoengineered highly
anistropic magnetic materials. [148, 149, 150, 151, 83, 82, ?, 152, 153, 154]
The primary result that can be observed in this material investigation is the ability
to tune the intracolumnar interaction and directly impact and control the energy
product in the sample set investigated. It can be seen in the VSM data displayed in
Fig. 5.14, that the SCHTF samples were able to tune the energy product from
approximately 80 to 180 kGOe in samples that contain the same amount of
magnetic materials by volume. Other investigations into tuning and optimizing the
energy product of magnetic materials focus on annealing steps, bulk processing
procedures, and of course nanoengineering steps to utilized exchange-coupling
within the constituent materials. [26, 155, 156, 45, 47, 41, 46, 42, 36, 32, 37] While
180 kGOe is not an extraordinary magnetic energy product compared to other
permanent magnet system, the overall change in the magnetic energy product of
nearly 125% based on highly controlled nanoengineering is remarkable.
With this result and by demonstration of the process of additive nanomanufacturing
it is shown that hard/soft composite type permanent magnetic materials can be
deposited with high regularity and using ALD for conformal coatings in a final
passivation step or with intermediate coating steps to tune the exchange or surface
anisotropy. Other studies have theorized and investigated thin film processing steps
to optimize magnetization properties. [57, 58, 56] The ability to perform during
elevated tempuratures is imperative for an industrial permanent magnet (PM)
material functioning in a motor or generator. To facilitate a high tempurature PM
material, cobalt will be necessary and likewise corrosion resistance at high
temperature is a highly relevant issue. The heat treatment study performed on the
Co nanocolumnar samples shows that thin conformal passivation coatings of Al2 O3
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provide an invaluable method for preserving the pristine as-deposited magnetization
properties while providing long term robust defense to corrosion in inhospitable
environments. [157, 136, 139, 158]
The magnetic modeling results provided insight to quantify the magnetization
properties within the sample set investigated through phenomalogical means. The
vectorized hysteresis model provided an excellent description of a complex problem
based on how to model the magnetic response of an array of interacting magnetic
nanowires. By utilizing a sigmoidal line shape function with a limited number of
relevant fitting parameters and the assumption that the magnetization could be
independently evaluated within the intrinsic coordinate system of the structures
provided an eloquent and effective model. The fitting parameters for the three
independent magnetization directions with respect to the structures corresponded
well with previous investigations into geometrically similar magnetic structures
composed of the same materials. [142, 143, 159, 160, 61, 161, 162, 163] Modeling
methods used to investigate complex heterostructure exchange-coupling is a
complex and computationally taxing problem usually involving finite element based
objectified models. The box magnetization model was able to qualitatively describe
the trend of the hysteresis curves of the SCHTF sample set with values that reflect
the actual physical system studied through a course discritization of the system.
While this model does not perfectly describe the nuances of the demagnetization
curves observed in experimental magnetometry data, it does provide a
computationally efficient means to simulate what is traditionally an extremely
complex micromagnetic computation problem with countless non-idealities. The
results displayed in Fig. 5.19 show the outcome of these simulations compared
directly with VSM measurements. It can be observed here that the actual samples
had gradual slopes on the demagnetization curves compared to that of the
simulations. This is due to the lack of non-idealities contained in the simulation
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environment compared to the large variance in potential pinning centers contained
in the actual samples.
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Chapter 7
Summary and Outlook
In conclusion, the author has illustrated growth and characterization of highly
anisotropic magnetic nanoengineered quasi thin films both of single material phases
and multi material heterostructured samples. These samples were physically
characterized with SEM, VSM, and ellipsometry. To probe the anisotropic magnetic
properties the VMOGE process was developed and utilized. The VMOGE process is
of special interest for investigating highly anisotropic samples, both magnetically
and optically, by being able to orient the externally applied magnetizing field to
unique axes of the sample while simultaneously monitoring the resulting response in
3D. In the present context, of nanoengineered magnetic materials the understanding
of the complex magnetic anisotropy is of great importance. Additionally, a study
into methods to preserve magnetic properties to oxidation and corrosion was
presented. This study investigated passivated and non-passivated cobalt
nanocolumnar samples subjected to heat treatment and the resulting magnetic
properties.
Next, the author presented measurements of axially heterostructured nanocolumnar
samples composed of permalloy and cobalt to investigate exchange-coupled
nanostructures. The author utilized VSM measurements to verify and quantize the
magnetization data that was garnered through VMOGE. The nanoengineered
heterostructured samples showed a large variance in the magnetic reversal

94
properties while having remarkably similar magnetic saturation values, this suggests
that quasi thin films which contained the same volume fractions of materials but
had vastly different magnetic properties. Next the author presented magnetic
modeling to quantify the magnetic responses observed in the samples. The first
model was a vectorized hysteresis model that utilized a differential based hysteresis
model that had utilized independent sigmoidal parameterized curves to fit 3D
magnetic data for single phase nanostructured thin films. This vector hysteresis
model was able to quantize the ferromagnetic figures of merit such as H c , Ms /Mr ,
and hysteresis squareness. Next the author presented a box magnetization model to
describe the intracolumnar exchange interaction and the intercolumnar dipolar
interaction based on a coarsely discritized single domain point of view. All of this
work gives a comprehensive view of magnetic reversal in nanostructured 3D films
created with bottom to top fabrication techniques.
Additive manufacturing is a topic that is of extremely high interest and will be
necessary for creating next generation materials. In particular PM materials with
greater performance, higher operating temperatures with resistance to corrosion,
and rely less on rare earth materials will be of interest to create next generation
motors and generators needed for electric transportation and energy harvesting.
The subsequent breakthroughs in PM technology will require precise
nano-engineering and carefully selected constituent materials such that magnetic
anisotropy and exchange coupling can be optimized within the material.
Skomski et al., investigated Alnico type structures consisting of highly coherent
FeCo nanowires ebedded in an AlNi matrix. [25] This investigation focused on the
upper limits for this system based on packing density with an upper limit of
49 MGOe. This estimation is for a nanostructured system with no exchange
hardening present which would increase this limit by increasing the optimum
packing density up from f = 2/3. If a SCHTF system was deposited in which FeCo

nanocolumns were created with subcolumnar sections of a magnetically hard
material this would act to reduce the total magnetization while increasing the
coercivity. For example, if magnetically hard FePt ,µ0 Ms = 1.43 T and K=6.6 MJ
m−1 subcolumnar sections were periodically included to constitute 10% of the
columnar structure this would result in a magnetic saturation of µ0 Ms of 2.35 T
while increasing the anisotropy to K=680 kJm−1 assuming equal mixing. [20] This
would result in a BHmax of approximately 56 MGOe as a reasonable estimation.
This would be an incredible figure of merit for a PM material containing no rare
earth materials.
J.S. Jiang and S.D. Bader investigated systems that consisted of magnetically soft
columns embedded in a magnetically hard matrix with micromagnetic simulations
in cooperation with nucleation theory. [53] These simulations estimated a BHmax
84.8 MGOe for a system consisting of FeCo columns embedded in a SmCo5 matrix
with column diameters approximately 30 nm. An almost exact structure could be
constructed utilizing GLAD for columnar growth of FeCo in combination with
elctrodeposition of SmCo5 . [164] If this system could reach the potential of
estimations it would be a major breakthrough in exchange-coupled PM materials.
These estimations provide a great deal of optimism for the advancement of PM
materials through nano-engineering with growth techniques that are readily
available.
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